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VARIABLE FREQUENCY DRIVES 


Courtesy: Natural Resources Canada, Office of Energy Efficiency 


WHAT IS A VARIABLE FREQUENCY DRIVE? 


Adding a variable frequency drive (VFD) to a motor-driven 
system can offer potential energy savings in a system in which 
the loads vary with time. VFDs belong to a group of equipment 
called adjustable speed drives or variable speed drives. (Variable 
speed drives can be electrical or mechanical, whereas VFDs are 
electrical.) The operating speed of a motor connected to a VFD 
is varied by changing the frequency of the motor supply voltage. 
This allows continuous process speed control. 

Motor-driven systems are often designed to handle peak 
loads that have a safety factor. This often leads to energy ineffi- 
ciency in systems that operate for extended periods at reduced 
load. The ability to adjust motor speed enables closer matching 
of motor output to load and often results in energy savings. 


HOW DOES A VFD WORK? 


Induction motors, the workhorses of industry, rotate at a 
fixed speed that is determined by the frequency of the supply 
voltage. Alternating current applied to the stator windings produces 
a magnetic field that rotates at synchronous speed. This speed 
may be calculated by dividing line frequency by the number of 
magnetic pole pairs in the motor winding. A four-pole motor, for 
example, has two pole pairs, and therefore the magnetic field will 
rotate 60 Hz/2 = 30 revolutions per second, or 1800 rpm. The 
rotor of an induction motor will attempt to follow this rotating mag- 
netic field, and, under load, the rotor speed “slips” slightly 
behind the rotating field. This small slip speed generates an induced 
current, and the resulting magnetic field in the rotor produces torque. 

Since an induction motor rotates near synchronous speed, 
the most effective and energy-efficient way to change the motor 
speed is to change the frequency of the applied voltage. VFDs 
convert the fixed-frequency supply voltage to a continuously 
variable frequency, thereby allowing adjustable motor speed. 

A VFD converts 60 Hz power, for example, to a new 
frequency in two stages: the rectifier stage and the inverter stage. 
The conversion process incorporates three functions: 

Rectifier stage: A full-wave, solid-state rectifier converts 
three-phase 60 Hz power from a standard 208, 460, 575 or higher 
utility supply to either fixed or adjustable DC voltage. The system 
may include transformers if higher supply voltages are used. 

Inverter stage: Electronic switches — power transistors or 
thyristors — switch the rectified DC on and off, and produce a cur- 
rent or voltage waveform at the desired new frequency. The amount 
of distortion depends on the design of the inverter and filter. 

Control system: An electronic circuit receives feedback 
information from the driven motor and adjusts the output voltage 
or frequency to the selected values. Usually the output voltage is 
regulated to produce a constant ratio of voltage to frequency (V/Hz). 
Controllers may incorporate many complex control functions. 


Converting DC to variable frequency AC is accomplished 
using an inverter. Most currently available inverters use pulse 
width modulation (PWM) because the output current waveform 
closely approximates a sine wave. Power semiconductors switch 
DC voltage at high speed, producing a series of short-duration 
pulses of constant amplitude. Output voltage is varied by changing 
the width and polarity of the switched pulses. Output frequency 
is adjusted by changing the switching cycle time. The resulting 
current in an inductive motor simulates a sine wave of the desired 
output frequency (see Figure 1). The high-speed switching of a 
PWM inverter results in less waveform distortion and, therefore, 
lower harmonic losses. 
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Figure 1. Inverter’s Pulse Width Modulation Output 


APPLICATIONS 


Variable speed drives are used for two main reasons: 

e to improve the efficiency of motor-driven equipment by 

matching speed to changing load requirements; or 

e to allow accurate and continuous process control over a 

wide range of speeds. 

Motor-driven centrifugal pumps, fans and blowers offer 
the most dramatic energy-saving opportunities. Many of these 
operate for extended periods at reduced load with flow restricted 
or throttled. In these centrifugal machines, energy consumption is 
proportional to the cube of the flow rate. Even small reductions in 
speed and flow can result in significant energy savings. In these 
applications, significant energy and cost savings can be achieved 
by reducing the operating speed when the process flow requirements 
are lower. 

In some applications, such as conveyers, machine tools 
and other production-line equipment, the benefits of accurate 
speed control are the primary consideration. VFDs can increase 
productivity, improve product quality and process control, and 
reduce maintenance and downtime. Decreasing cost and increasing 
reliability of power semiconductor electronics are reasons that 
VEDs are increasingly selected over DC motors or other adjustable 
speed drives for process speed control applications. 

Motors and VFDs must be compatible. Consult the man- 
ufacturers of both the VFD and the motor to make sure that they 
will work together effectively. VFDs are frequently used with 
inverter-duty National Electrical Manufacturers Association 
(NEMA) design B squirrel cage induction motors. (Design B 
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motors have both locked rotor torque and locked rotor current 
that are normal.) De-rating may be required for other types of 
motors. VFDs are not usually recommended for NEMA design 
D motors because of the potential for high harmonic current losses. 
(Design D motors are those that have high locked rotor torque 
and high slip.) 


ADDITIONAL BENEFITS OF VFDS 


In addition to energy savings and better process control, 
VEDs can provide other benefits: 

e A VED may be used for control of process temperature, 
pressure or flow without the use of a separate controller. 
Suitable sensors and electronics are used to interface the 
driven equipment with the VFD. 

e Maintenance costs can be lower, since lower operating 
speeds result in longer life for bearings and motors. 

e Eliminating the throttling valves and dampers also does 
away with maintaining these devices and all associated 
controls. 

e A soft starter for the motor is no longer required. 

e Controlled ramp-up speed in a liquid system can eliminate 
water hammer problems. 

e The ability of a VED to limit torque to a user-selected 
level can protect driven equipment that cannot tolerate 
excessive torque. 


HOW MUCH WILL I SAVE? 


The potential energy savings from installing a VFD is illus- 
trated in the following example. Here, a 40 hp motor is used in an 
HVAC system with a flow-control damper. The system operates 
365 days a year with the load/time profile shown in Table 1. The 
damper is removed and a VFD installed. The estimated annual 
energy savings realized from the use a VFD is shown in Table 1. 


Table 1. Potential Energy Savings From Replacing a Damper With a VFD 


Airflow Daily Operating Energy Energy Difference 
Volume Time (hours) Consumed Consumed in Energy 
(percent of Using a Damper UsingaVFD Consumption 
maximum) (kWh/year) (kWh/year) (kWh/year) 
50% 2 18 500 4 800 13 700 
60% 3 29 300 9 800 19 500 
70% 6 61 700 26 800 34 900 
80% 6 63 300 35 900 27 400 
90% 4 44 200 32 600 11 600 
100% 3 34 200 35 200 —1 000 

Total 24 251 200 145 100 106 100 


The above example shows a possible electrical energy 
saving of 106 100 kWh per year, resulting from replacement of 
the existing damper-control system with a VFD. Savings would 
be less if the existing flow-control system used variable inlet 
vanes. At energy rates of $0.085/kWh, annual savings are $9,018. 

At an estimated cost of $4,200 for the VFD and $750 for 
line and load reactors, the simple payback period is approximately 
seven months. When installation costs are added, the payback 
increases to one year. 


PURCHASING TIPS 
ANALYZE THE SYSTEM AS A WHOLE 


Since the process of converting incoming power from one 
frequency to another will result in some losses, energy savings 
must always come from optimizing the performance of the com- 
plete system. The first step in determining the energy savings 
potential of a system is to thoroughly analyze the operation of the 
entire system. Detailed knowledge of the equipment operation 
and process requirements are required in order to ensure energy 
savings. 

The most promising candidates for realizing energy savings 
are systems for centrifugal fans, blowers and pumps that have 
been designed to meet peak loads but actually operate at reduced 
load for extended periods. The following discussion pertains 
to centrifugal systems, but the same principles can be applied 
to other systems. Evaluating the energy-saving potential of a cen- 
trifugal system should include the following steps: 

1. Develop a complete understanding of the process 
requirements and the equipment to which the centrifugal 
machine supplies fluid. 

2. Obtain complete engineering specifications and perform- 
ance curves for the centrifugal machine. 

3. Obtain specifications for all components of the system, 
including dampers, valves, ducts or pipes, and heating 
or cooling coils. 

4. Develop a load/time profile for the system. This step is 
critical for calculating accurate energy savings. For each 
component, list annual hours, all flow conditions and the 
input power to the centrifugal machine. 


For each point in the above step, calculate the input power 
required by a VFD-driven motor and centrifugal machine delivering 
the same flow. Input shaft power can be determined from the 
centrifugal machine performance curves. 

For each operating point, calculate the difference in power 
resulting from adding a VFD, and multiply each by the number 
of hours of annual operation. The difference is the energy savings 
resulting from installing a VFD. 

The above process requires qualified staff with sufficient 
expertise with all components of the system, from VFD through 
to the process equipment. 

Pump and fan affinity laws govern the relationship among 
speed, flow and input power. The laws state: 

e flow is proportional to speed 

e pressure increases with the square of the speed 

e power increases with the cube of the speed 

When speed is reduced to 75 percent of design speed, flow 
decreases to 75 percent, outlet pressure decreases to 56 percent, 
and the input power requirement drops to 42 percent of full- 
speed values. For a similar flow reduction with a throttling valve 
or damper, the input power drops to only 80 percent. Note that 
pressure falls off more rapidly than flow. 


VFD AND MOTOR SELECTION 


Once you have verified the energy savings achievable 
using a VED in your application, the following topics should be 
considered when selecting a motor and drive combination. 
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IS SOFTWARE AVAILABLE TO HELP CHOOSE A VFD AND ESTIMATE SAVINGS? 


Most VFD manufacturers can provide such software. 

Free software is also available. ABB offers Energy Saving 
Tools: PumpSave for comparing AC drive control against throttling, 
on/off and hydraulic coupling control in pumps; and FanSave, for 
comparing AC drive control with traditional flow-control methods in 
fans. 


WILL THE MOTOR WITHSTAND THE REPETITIVE VOLTAGE STRESSES FROM USE 
OF A VFD? 


General-purpose induction motors are not designed for 
repetitive voltage overshoots that exceed line voltage plus 1000 
volts. With a 230 VAC system, overshoots may not exceed this 
limit, but with a 575 VAC system, overshoots are likely. Repeated 
voltage stresses may lead to insulation breakdown and premature 
motor failure. 

To use a VFD with an existing general-purpose motor, 
additional filtering and transient protection may be required. 
NEMA definite-purpose motors rated “Inverter Duty” are recom- 
mended for use with VFDs. These motors can withstand repeti- 
tive voltage spikes that are 3.1 times the rated RMS voltage. 


WHAT NEMA DESIGN TYPE IS BEST SUITED FOR A VFD? 


VED control algorithms are usually optimized to the speed 
torque characteristics of NEMA design B motors. Use of other 
design types should be discussed with the VFD manufacturer. 


SHOULD | USE A MOTOR THAT HAS A DIFFERENT POLE COUNT (1.E., SIX-POLE 
INSTEAD OF FOUR-POLE)? 


A VFD may be able to provide the required speeds with 
better performance using a motor that has a different number of 
poles. This can reduce the inventory of spares. The use of a 
bypass, however, may limit the number of choices of pole count. 
Be sure to discuss your options with the VFD manufacturer. 


IS MOTOR COOLING ADEQUATE FOR EXTENDED OPERATION AT VERY LOW 
SPEEDS? 


Cooling often depends on motor speed, such as with totally 
enclosed fan-cooled (TEFC) motors. To meet constant torque 
loads, therefore, a motor should not be operated at less than 30 
percent speed without additional cooling. Consider a larger 
motor, constant speed cooling or a totally enclosed non-ventilat- 
ed (TENV) motor for these conditions. Motor thermal protection 
devices will prevent high-temperature damage when motors 
operate continuously at very low speeds. With variable torque 
loads such as centrifugal machines, the rapidly decreasing power 
at low speed reduces cooling problems. 


WILL HARMONICS AFFECT NEARBY SENSITIVE EQUIPMENT? 


Additional line filtering is often required to reduce the 
propagation of harmonics and radio frequency interference (RFI) 
to other equipment. Short leads between the motor and the VFD 
help minimize RFI propagation. When leads are longer than 15 
metres (50 feet), reactive filters are recommended. Motor leads 
should also be enclosed in a rigid conduit to reduce RFI. 


IS THE VFD STARTING TORQUE AND ACCELERATION/DECELERATION ADEQUATE 
FOR THE LOAD? 

The VFD breakaway torque is less than the motor locked 
rotor torque and is limited by the VFD maximum current rating. 
This current rating also limits the rate of load acceleration. 


Acceleration, deceleration and maximum current are user-pro- 
grammable. 


CAN A VED BE USED FOR ALL TYPES OF LOADS? 


Yes. VFDs for use with constant torque loads should be 
rated for operation at 150 percent load for a period of one 
minute. Variable torque loads such as fans and pumps are easier 
to start, and therefore the VFD overload rating is lower. The drive 
should be matched to the load. 


DOES THE APPLICATION HAVE A HIGH STATIC PRESSURE OR HEAD? 


Applications in which a minimum pressure must be main- 
tained may not be suitable candidates for a VFD. For example, if 
high pressure is required even at low flow, it may not be possible 
to significantly reduce pump speed. When speed and flow 
reduce, so does pressure. For this application, other energy-saving 
strategies such as parallel pumps may offer more energy savings. 
Check the pressure limitations in your system. More information 
on VFD pumping applications is in Variable Speed Pumping — A 
Guide to Successful Applications, available from the U.S. 
Department of Energy’s Industrial Technology Program. 


WHAT TYPE OF ENCLOSURE IS REQUIRED? 


Check the ratings of both the drive and its enclosure to 
make sure that they are suitable for the climate to which they will 
be exposed (1.e., outdoor weather protection). 


IS SPEED CONTROL ACCURACY IMPORTANT FOR MY APPLICATION? 


Most VFDs incorporate a user-programmable, constant 
volts-to-frequency ratio over the operating frequency range of 
the drive. For more accurate speed control, a flux vector control 
strategy with either direct or indirect measurement of rotor flux 
may be required. 


IS DIRECTION OF ROTATION AFFECTED? 


The phase sequence of the supply connection to the VFD 
does not affect the rotation direction of the drive. Changing the 
phase sequence between the drive and the motor will change the 
direction of rotation of the motor. Be sure to verify rotation 
before connecting the drive to the equipment. Some equipment 
may be damaged if rotation is reversed. If a bypass contactor is 
used with a VFD, be sure that the rotation direction is correct 
during bypass operation 


DOES THE APPLICATION REQUIRE DYNAMIC BRAKING? 


Load braking is usually accomplished by switching in a 
power load resistor across the DC bus to dump excess energy. This 
is usually an optional feature that is available only with some drives. 


HOW MANY MOTORS CAN BE OPERATED ON A DRIVE? 


More than one motor on a drive is common. All receive 
the same frequency, so they change speed in unison. Each motor 
must have its own overload protection. 


DO | REQUIRE REMOTE MONITORING OR FLEXIBLE CONTROL AND SET-UP 
SOFTWARE? 

You may need drive monitoring and set-up software with 
RS-485 multi-drop communication. RS-485 allows monitoring 
and control of several drives from a remote location. 
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DO | NEED BYPASS SWITCHING? 

Bypass switches are sometimes used so that a motor can 
operate when connected directly to the utility power supply. This 
enables operation of the motor when the drive is out of service. 
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ELECTRIC MACHINES 


ROBERT K. ADYKOWSKI 


HISTORY 


Electric machines have experienced a wide acceptance 
since 1997 and now are positioned to be the new standard of the 
molding industry. For the year 2000, these machines represented 
20% of the new machines less than 500 tons being ordered in 
North America. 

The electrification of the molding machine follows other 
similar evolutions in industry to increase accuracy and provide 
more predictable processing capabilities. The machine tool and 
robot areas have seen this same evolution from hydraulic actuation 
to AC servo drives since 1965. 


MAJOR DESIGN CONSIDERATIONS 


The major design considerations in the development of 
the electric machines were to: 

1. provide to the user a machine with better capability of 

process control 

2. eliminate the variances of a hydraulic system 

3. provide a reduction of energy used in the conversion of 

plastic materials 

Using basic motion control from the machine tool industry 
for the linear and rotary motions required in an injection molding 
machine provided the basis for the machine actuation. 

Toggle-clamp technology of an injection molding machine 
was used as the basis for the clamp unit along with an AC servo 
motor drive and a ball screw. Ejector motion was also replicated 
by using an individual AC servo motor drive/ball screw combi- 
nation. Injection functions were replicated by using individual 
AC servo motor drives for the plasticizing function and linear 
injection function. Pressure control was first investigated using 
torque control of the injection motor, but this was dropped for the 
advantage of a strain gauge control and direct plastic pressure 
readings. 

Substituting direct mechanical motion that eliminated the 
hydraulic oil completely eliminated hydraulic system variation. 
The elimination of the hydraulic system decreased reaction time 
of the various control/motion functions, providing quicker response 
to control signals. The lack of the hydraulic system also eliminated 
the need for a cooling system for the oil a major source of variation 
in the process. 

Energy utilized in the overall injection process is in large 
part attributable to the hydraulic pump and the need to have oil 
under pressure ready for the various functions of the machine. If 
one considers that the pump runs 100% of the operational time, 
but that actual oil movement is only approximately 40% of the 
time, the hydraulic system wastes up to 60% of the energy it con- 
sumes. An electric machine utilizes only the energy necessary at 
the time movement is required, therefore eliminating the majority 
of the conversion cost. Heat generated b the hydraulic system is 
also eliminated along with the need for a heat exchanger to remove 
the heat. 





SERVO DRIVE DEVELOPMENT 


AC servo-driven electric injection molding machines were 
introduced as a commercial product at the 1985 NPE. Electric 
motors have been used on various axes (e.g., extruder drive) of 
machines since the late 1950s. The first electric drive was used for 
screw rotation through a selectable gear-driven speed control with 
the option of various gear ratios. This electric drive of the extruder 
function introduced in the early 1960s on NATCO machines is 
still a popular energy saving method in machines today. 

AC servo drives were first developed in 1974 by FANUC 
through the vision of Dr. Se1uemon Inaba (1), resulting from the 
oil shortage and increased power costs. He had previously devel- 
oped a hydraulic servomotor but knew its limitation. His perfection 
of the AC servo motor revolutionized the machine tool industry 
and later dominated the robot industry. AC servo motors are the 
standard in these industries today. Linear motion is achieved by 
coupling the rotary motion of the AC servomotors to ball or 
roller screws to provide the same action as a hydraulic cylinder. 

Ball screws have been utilized in machine tool equipment 
since the early 1950s providing a zero backlash device to translate 
rotary motion into linear motion with minimal energy loss. These 
drive devices are also used in multiaxis robotics, providing 
repeatability of positions with each movement. 


ENERGY SAVINGS 


The advantages of electric actuation start to show with 
this combination because the mechanical transfer of energy 
through this method is better than 95% efficient. This represents 
a large energy savings because the motors only operate when 
required rather than maintaining full loading, as in the case of a 
hydraulic pump. Total energy savings versus a newer hydraulically 
operated toggle machine is in the 65-75% range, depending on 
cycle times (Figure 1). 
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Figure 1. energy savings versus newer hydraulically operated toggle machine. 
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Cycle times of 30 seconds or more can easily represent 
savings as high as 80-90%. In addition, no power spikes as seen 
in standard motors exist with AC servo motors. No power factor 
correction is required because of the operational characteristics 
of an AC servo motor. 

When rapid cycle times are required (5 seconds and lower) 
and independent and simultaneous motions are required of a 
machine, the electric machines save even higher percentages of 
electric energy. They also represent a much lower investment 
cost because this type of operation requires only software changes, 
rather than expensive second independent hydraulic systems. 


HYDRAULIC/ELECTRIC DIFFERENCES 


The application of AC servo technology and ball screws, 
along with time proven toggle clamp mechanisms, has provided 
machines up to 1500 tons of clamp capacity. These machines 
have been limited in some cases because of the servo motor size 
in the area of injection capacity. Designs of two-stage injection 
units have eliminated this issue, and the large machine is now 
poised to take its place in the industry (Figure 2). 





Figure 2. Two-stage injection unit machines 


The difference between a hydraulically actuated machine 
and an electrically actuated machine is that a single motor/pump 
drives all motion of the hydraulic machine. Electric AC servo- 
driven machines utilize an independent drive motor for each linear 
or rotational movement of the machine. The typical electric 
machine today includes individual AC servo motor drives for the 
clamp axis; eject axis, extruder rotation axis, and linear travel of 
the injection screw. In addition, there are usually two additional 
motor drives, one for die height adjustment and a second for 
injection sled movement (Figure 3). 

Each of the drives is independently actuated, as required, 
providing a machine capable of running all axes movement at the 
same time. This is not commonly done; however, simultaneous 
movement of the clamp and ejectors is commonplace. In addition 
simultaneous rotation of the screw and linear movement of the 
screw during clamp movement is only a software change rather 
than the addition of separate or larger hydraulic pumps. 


One of the unique thought patterns that change when 
using an electric machine is that the technician changes from 
doing anticipatory settings to setting actual requirements. The 
control of the machines precludes the press from doing anything 
other than what is programmed into the control. It performs at 
the set speeds and stops at the exact positions. Unlike a hydraulic 
machine, the speed and pressure functions are no longer coupled 
— rather, they are independent of each other. This allows for a 
much wider processing window and set up capability. 

Electric machines provide a whole new capability to the 
technician and operation people in today’s modern molding plant 
because they provide both speed and position control beyond that 
of hydraulic-driven machines. It is not uncommon to have posi- 
tion control of + 0.004 in. from set point. These close tolerances 
are achievable regardless of the velocity. Rotary optical encoders 
sense position and speed of each individual servo motor to clos- 
er tolerances than the typical LVDT used to monitor hydraulic 
cylinder strokes. 

This accuracy becomes very useful when applying 
automation to insert loading or part removal because the clamp 
or ejectors are always in the exact position. It is also useful when 
operating molds with sliding cores because slowdown does not 
need to occur until just before engagement of the slide actuator. 
Because of the accuracy of the machines it 1s necessary to double 
check that all ejector bars are within 0.004 in. in length; other- 
wise, side loading occurs and can damage molds and machines. 





Figure 3. Electric machine with two additional motor drives 
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DRIVE BASIC SYSTEMS AND COMPONENTS 


Courtesy of GE Industrial Control Systems 


There are two main types of motors: DC and AC. DC 
motors operate on DC power, while AC motors operate on AC 
power. All motors have two basic components — a stationary part, 
called the stator, and a rotational part, called the rotor. In DC 
motors, the rotor is more commonly referred to as the armature. 

The rotor/armature sits inside of the stator. Electricity 
(current) flowing through the motor creates a magnetic field, 
which attracts (or repels) the rotor, causing it to spin. The shaft 
is the part of the rotor that extends outside of the motor and con- 
nects to the equipment to be rotated. 


DC MOTORS 


DC motors are based on a stationary magnetic field. The 
stator of a DC motor consists of windings that are made of coiled 
wire to form a magnetic pole. When current flows through the 
windings, they produce a magnetic field. The poles are connected 
to the inside of the frame (or shell) of the motor. The armature 
also has windings that create a magnetic field when voltage is 
applied (in most DC motors, the armature and stator receive elec- 
tricity from separate sources). 

There are a series of windings running lengthwise down 
the armature. Voltage is applied to one set of windings in the 
armature at a time. When this occurs, the windings become mag- 
netic and are attracted to the magnetic field in the stator. The 
armature spins to align itself with the stator. When the rotor 
moves, another set of windings in the armature becomes con- 
nected to the power supply. The windings become magnetic and 
attracted to the stator field, and the rotor moves again to align 
itself with the stator. This process keeps the rotor spinning within 
the stationary magnetic field in the stator. 
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AC MOTORS 


AC motors utilize a rotating magnetic field within the 
stator. The stator of an AC motor is also made up of windings. 
There is a set of windings for each phase of AC power, distrib- 
uted around the stator. A set of three windings (one from each 
phase) forms the magnetic pole. When AC voltage is applied, one 
set of windings is activated by one phase and creates a magnetic 
field. The next set of windings becomes magnetic when the next 
phase of power is fully active. The rotor of an AC motor is made 
out of metallic bars. The bars feel the pull of the magnetic field 
in the active windings, spinning the rotor as they align. When the 
next set of windings is excited by the next phase, the rotor spins 
again. AC electricity creates a rotating magnetic field in the sta- 
tor, to which the rotor continually tries to align itself. The speed 
at which the AC motor rotor rotates depends on how many poles 
are in the stator and the frequency of applied power. The more 
poles there are, the slower the rotor will spin. The higher the fre- 
quency of power, the faster the motor will spin. 


TORQUE AND HORSEPOWER 


The motor torque refers to how much force the motor 
shaft exerts as it rotates. Torque is dependent on the strength of 
the magnetic fields in the motor — a stronger magnetic field will 
exert a stronger pull on the rotor, creating more torque. The force 
of the magnetic field, and thus torque, is determined by the 
amount of voltage and frequency supplied to the motor. The 
horsepower of a motor refers to how much work the motor can 
do, or how much torque it can deliver over time. The relationship 
between torque and horsepower is: 


HORSEPOWER (HP) = TORQUE (FT-LB) x SPEED (RPM) 
5252 


The speed at which the AC motor rotor rotates depends on 
how many poles are in the stator and the frequency of applied 
power. 

Torque is dependent on the strength of the magnetic fields 
in the motor — a stronger magnetic field will exert a stronger pull 
on the rotor, creating more torque. 


LOADS 


The nature of the load dictates what type of motor is needed 
and how it needs to be controlled. 

The load dictates what type of motor is needed and how 
the motor needs to be controlled. Some load characteristics that 
need to be considered are speed, torque, weight, tension, and inertia. 
Whether or not these characteristics are constant or vary over 
time also needs to be considered. 
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Motors are used to rotate other mechanical machines. The 
equipment being driven by the motor is called a load. The load 
dictates what type of motor is needed and how the motor needs 
to be controlled. Some load characteristics that need to be con- 
sidered are speed, torque, weight, tension, and inertia. Whether 
or not these characteristics are constant or vary over time also 
needs to be considered. In a simple load, only one of these char- 
acteristics affects the load at one time. In a complex load, multiple 
characteristics may change over time. Load characteristics also 
determine whether or not the load can be classified as constant 
horsepower, constant torque, or variable torque. 

Constant horsepower loads are those in applications where 
the amount of work to be done is independent of speed and 
torque. Loads that require constant tension require constant 
horsepower. An example of a constant horsepower application is 
a winder. A winder is a roller onto which processed material, 
such as paper, 1s wound. As the process of making paper continues, 
more and more paper is wound around the winder. The diameter 
of the roll increases, as does the weight of the load. As the diameter 
of the roll increases, the speed of the winder must slow down to 
maintain constant tension (otherwise the paper would tear or sag). 
However, the amount of work that needs to be done doesn’t change. 

Other applications involving constant horsepower loads 
are: Drills, grinders, lathes, milling machines, wire drawing 
machines, and cutting machines. 
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Constant torque loads are the most common in industrial 
applications. The amount of force needed is independent of speed. 
An example of a constant torque application is a conveyor belt. 

No matter how fast the conveyor belt is going, or how 
much is loaded onto it, the conveyor must exhibit the same force 
so that the conveyor runs smoothly without throwing off the load. 





Other applications with a constant torque load include: 
Coaters, cranes, elevators, forming mills, galvanizing lines, plan- 


ers, and textile spinners. Typically, drives that are built to handle 
constant torque loads are capable of handling up to 150% of 
rated current for 60 seconds. Rated current is the amount of cur- 
rent flowing through the drive/motor when under full load. 
Variable torque loads exhibit both an increase in torque 
and horsepower as speed increases. An example of a variable 
torque load is a fan. The load includes the fan blades, as well as 
the centrifugal force felt by the fan. As the fan spins faster, there 
is more air resistance and centrifugal force to deal with. Pumps 
are another example of 
variable torque loads. 





Torque Characteristics of Constant Horsepower Loads 
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Torque Characteristics of Constant Torque Loads 
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Torque Characteristics of Variable Torque Loads 
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Note that the two curves for each type of load reflect the 
relationship between speed, torque, and horsepower. 


DRIVE BASICS 


A drive may be used to increase the efficiency of a 
process, provide accurate motor speed, control motor torque, and 
enable the motor to run at a range of speeds, or to automate and 
optimize a process. 
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Drives built to handle variable torque loads can generally 
handle 110-120% of rated current for 60 seconds. If the nature of 
the load is not obvious, it must be determined by a field test. The 
nature of the load dictates what type of motor is needed and how 
it needs to be controlled. 

Drives enhance the performance of motors. In the case of 
DC motors, a drive is one alternative to creating and controlling 
a supply of DC electricity. In the case of AC motors, drives allow 
for a more controlled form of AC power to be supplied. 

In either case, a drive may be used to increase the efficiency 
of a process, provide accurate motor speed, control motor torque, 
and enable the motor to run at a range of speeds, or to automate 
and optimize a process. All of these features work to improve the 
quality of a process run by motors. 

The control aspects of the drive are made up of electrical 
devices, which are protected by an outer covering, or enclosure. 
The degree of protection provided by the enclosure is dictated by 
the drive’s operating environment. There are several Standards 
Associations that define different enclosure types that are suit- 
able for different environments. NEMA (National Electrical 
Manufacturers Association) creates standards that are primarily 
followed in the USA, while the IEC (International Electro-tech- 
nical Commission) writes international standards. 

NEMA has defined four enclosure types that are the most 
widely used on drives. 

Type 1 is an enclosure offering protection for indoor loca- 
tions and must provide protection against limited amounts of 
falling dirt, but does not need to prevent the entry of dust or liquids 
into the drive. NEMA Type 3R enclosures are intended for use in 
the outdoors, and offer protection against falling rain and external 
ice formation. 

A Type 4 enclosure is intended for indoor or outdoor use, 
and provides protection against falling rain, external ice formation, 
and windblown rain and dust. Type 12 enclosures are intended for 
indoor use and provide protection against dirt, dust, nonflammable 
fibers, splashes, drips (of non- corrosive liquids), and seepage. 

The enclosure protects the electrical components that 
comprise the drive. The internal parts of a drive include electrical 
devices such as capacitors, rectifiers, resistors, processor chips, 
and relays. These devices work together to change and control 
current and voltage. 






NEMA Classifications 


DC DRIVES 


DC drives can control motor speed in two ways — by con- 
trolling the voltage supplied to the armature to obtain speeds 
below the base speed of the motor, or by reducing the current 
supplied to the field to obtain speeds above the motor’s base speed. 

DC drives have two main components: A converter and a 
regulator. A converter is an electrical circuit that converts AC 
power to DC power. DC drive converters typically use a device 
called a silicon control rectifier (SCR) for this conversion process. 
SCRs transform AC current into a tightly controlled form of DC 
current. 

An SCR is a gated transistor that only allows current to 
pass through it when the current reaches a certain value (the 
point at which the gate is set), which turns on the SCR. SCRs are 
only “on” when power is applied to its gate. When SCRs are on, 
they have the effect of chopping the sine wave of an AC power 
supply into fragments that approximate a DC power supply. 

A regulator is the control portion of the drive. The regulator 
is the “smarts” or processing logic that determines what voltage 
and current is supplied to the motor. The voltage output from the 
drive can manipulate the speed or the torque of the motor (thus, 
the tension of a process load can also be controlled). The changes 
to the power supplied to the motor depend on the logic in the 
regulator and the type of feedback from the motor. Feedback 
devices, such as encoders or load cells, are sensors on the motor 
or on a process line that monitor actual process performance. 
An example of a feedback device is a tachometer (tach), a device 
that monitors the actual speed of the motor. A tach can send a 
signal back to the drive telling it how fast the motor is actually 
running. The drive regulator can compare that signal to a set 
number programmed into the drive, and determine if more or less 
voltage is needed at the motor to get the actual speed of the 
motor equal to the programmed speed. Because DC drives 
manipulate the voltage supplied to the motor, they are deemed 
variable voltage control. A drive using feedback sensors is said 
to have closed loop control. 

DC drives can control motor speed in two ways by con- 
trolling the voltage supplied to the armature to obtain speeds 
below the base speed of the motor, or by reducing the current 
supplied to the field to obtain speeds above the motor’s base 
speed. 
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Sine Wave and DC Approximation 


AC DRIVES 


AC drives have three main components: A converter, a 
regulator, and an inverter. The converter in an AC drive 1s simi- 
lar to that in the DC drive — it is used to convert AC power into 
DC power. 

While some AC drives use an SCR, most use a diode rec- 
tifier rather than an SCR. Diodes are similar to SCRs, but they do 
not have a gate and thus cannot be turned on or off. Hence, diode 
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rectifiers are less expensive, but do not provide as tight of volt- 
age control as an SCR. 

Diodes only allow the positive portion of AC power to be 
transmitted through the circuit. In an AC drive, the DC power will 
be converted back into a form of AC power, so the DC approxi- 
mation does not need to be as accurate. Also, the level of DC 
voltage does not need to be controlled to control the motor speed. 

AC drives also have regulators, which control the DC power 
before it is further transmitted. AC motors may have their speed and 
torque controlled as well, depending on the type of regulator. 

There are three main types of AC regulators. A volts per 
hertz regulator controls the ratio of voltage to frequency of AC 
power output to the motor. The speed of an AC motor depends on 
the frequency; thus the speed is controlled. A volts per hertz reg- 
ulator does not use feedback devices. An open loop vector regu- 
lator also controls motor speed without feedback devices. 
However, it regulates the current output to the motor, and con- 
trols the rotor/shaft speed by controlling the frequency of the 
magnetic flux in the stator. This type of regulator may also be 
used to control the torque of a motor. 
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A closed loop vector regulator (also called flux vector) is 
similar to an open loop vector drive, but differs in that it uses 
feedback devices. The third component of an AC drive, the 
inverter, takes the regulated DC power and changes it back into 
a form of regulated (controlled) AC power. AC drives typically 
utilize an Insulated Gate Bipolar Transistor (IGBT) to invert 
power through a control strategy called Pulse Width Modulation 
(PWM). IGBTs are capable of turning on and off very fast, 
allowing pulses of DC voltage to pass through to the motor. 
These pulses approximate an AC power supply. 





PWM Power Approximating AC Power 


BRAKING 


Drives not only vary the speed at which motors operate, 
they also offer a means of braking a motor. If a motor is not con- 
nected to a drive or equipped with a mechanical brake, it will coast 
to a stop when the motor is shut off. Braking provides for a con- 
trolled form of stopping, whether it is coasting, gradual braking, 
or quickly halting the motor. 

There are two means of braking with the use of drives: 
Injection braking and Dynamic braking. 

Injection braking is only applicable with AC drives and 
motors. To stop the motor, the drive sends DC current to the motor. 
Without the varying voltage and frequency in various phases, the 
magnetic field in the stator stops rotating. The rotor is attracted 
to the halted field and stops. 

Dynamic braking is used when the motor acts as a generator. 
Changes in the load may cause the motor to act as a generator 
rather than a motor. An example would be a conveyor belt that is 
sloped downward — as the weight is added to the belt, the load 
may pull the motor faster than it would normally operate. In 
dynamic braking, contactors, or other switching devices, create a 
circuit in the drive that directs power flow from the motor to 
resistors. Resistors dissipate power by converting it to heat. This 
form of controlling power flow slows down or stops the motor. 

Regenerative braking is a form of dynamic braking in 
which the power is dissipated back into the main AC line, rather 
than through resistors. 

This eliminates the wasting of power and also reduces the 
amount of heat created in the resistors. 


BYPASSING 


Injection braking is only applicable with AC drives and 
motors. To stop the motor, the drive sends DC current to the motor. 

Dynamic braking is used when the motor acts as a generator. 

Bypassing the drive means that control of the motor is 
switched from the drive to a starter. 
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LINE CONSIDERATIONS 


Both AC and DC drives create electrical noise that can 
affect the reliability and performance of the drive, motor, and AC 
power supply. The magnetic and electrical forces created within 
the drive cables can induce forces on other electrical devices in 
close proximity. The resulting disruptions in the power supply 
are referred to as noise. Noise disrupts the power in nearby 
cables, which can cause overheating, reduced power factors, cir- 
cuit breakers to trip, and malfunctions of other devices operating 
on the power supply. Voltage spikes are a type of noise caused by 
power surges when drives start up and shut off. Large quantities 
of voltage can suddenly be transmitted across the line when 
drives are used. 

Harmonics are a special type of noise resulting from AC 
drives. Harmonics are sinusoidal waves with higher frequencies 
than the main power supply, and are transmitted back to the AC 
line. 
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Drives may be built with special devices to reduce the 
amount of noise and harmonics created or transmitted. Devices 
that filter out noise are: Reactors, transformers, harmonic filters, 
isolation transformers, and 12 or 18 pulse drives. 

Drives can be classified as 6, 12, or 18 pulses. The number 
of pulses is a reference to the number of conduction sequences 
available in the converter. Twelve and 18 pulse drives produce 
fewer harmonics than a 6 pulse drive, and the harmonics are at 
higher frequencies. [EEE (Institute of Electrical and Electronic 
Engineers) is another association that writes standards. 

IEEE 519 is a standard that defines acceptable levels of 
harmonics. 


USER /OPERATOR INTERFACES 
A DRIVE'S USER INTERFACE 


Operator interface allows an operator to program control 
references to the drive/motor system, and to monitor motor and 
drive operating conditions. 

Drives provide a means for developing a control logic 
based on the status of other devices. 

Drives offer a means of controlling a motor. A drive’s user 
interface allows an operator to program control references to the 
drive/motor system, and to monitor motor and drive operating 
conditions. Interfaces include start/stop pushbuttons, keypads sit- 
uated directly on the drive or in a remote location, PCs with drive 
compatible software, and programmable logic controllers 
(PLCs). PCs and PLCs are useful when multiple drive systems 
will be used at one time. They allow for multiple drives to be pro- 
grammed quickly with the same control references, and also 
reduce the amount of wiring needed to link the systems together. 

They operate on a communications link or industrial net- 
work, which allows for high speed and quality process control. 





Operator Interfaces 
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In most applications, drives are used to control motors in 
conjunction with other electrical equipment. For example, one 
motor may be used with a series of other motors in a continual 
process — the speed of one motor might be dependent upon 
another motor. If a sensor goes off, the motor might need to stop 
or slow down. 

Drives provide a means for developing a control logic 
based on the status of other devices. 

Drives also display the status of the motor and drive 
parameters, such as current and speed. 

These functions require input and output (I/O) connections 
within a drive. 

There are two types of I/Os: Digital and Analog. Digital 
I/Os can be either on or off. Examples of digital I/Os would be a 
start button, fault signal, light, or photosensor. Analog I/Os may 
have a value within a set range. Examples of analog I/Os would 
be current level or current operating speed. 


GLOSSARY 


AC (Alternating Current): A type of current in which the flow 
of electrons alternates back and forth as the voltage force alter- 
nates between pushing and pulling on electrons. 


Analog I/O: A type of I/O which may have a value within a set 
range. 


Armature: Another name for the rotor, and which is more com- 
monly referred to in DC motors. 
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Bypassing: A means of switching control of the motor from the 
drive to a starter. 


Closed Loop Vector: Also called flux vector, this regulator is 
similar to Regulator an open loop vector drive, but differs in that 
it uses feedback devices. 


Constant Horsepower: Loads in applications where the amount 
of work to. Load be done is independent of speed and torque, or 
that require constant tension. 


Constant Torque: Load Loads in applications where the amount 
of force needed is independent of speed, and are the most common 
in industrial applications. 


Converter: An electrical circuit that changes AC power to DC 
power. 


Current: The actual flow, and strength of flow, of electrons. 


DC (Direct Current): A type of current in which electrons flow 
in one continual direction. 


Digital I/O: A type of I/O which can be either on or off. 


Diode Rectifier: Similar to SCRs, but diodes do not have a gate 
and thus cannot be controlled. Diodes only allow the positive 
portion of AC power to pass through the converter. Most AC 
drives use diodes. 


Dynamic Braking: A means of braking when a motor acts as a 
generator and the drive dissipates the excess current. 


Enclosure: An outer covering that protects electrical devices that 
comprise the control aspects of the drive. 


Encoder: A type of feedback device. 


Feedback Devices: Sensors on the motor, or on a process line, 
that monitor actual performance. 


Field Test: A means of determining the nature of the load, if it is 
not obvious. 


Frequency: A reference to how often AC changes direction, and 
is measured in units of hertz (or cycles per second). 


Harmonics: A special type of noise resulting from AC drives: 
sinusoidal waves with higher frequencies than the main power 
supply, which are transmitted back to the AC line. 


Horsepower: A reference to how much work the motor can do, 
or how much torque it can deliver over time. 


IEC: The International Electro-technical Commission, which 
writes international standards for electrical devices. 


IEEE: The Institute of Electrical and Electronic Engineers, which 
1s an association that writes standards. 


Injection Braking: A means of braking an AC motor by using an 
AC drive to send DC voltage to the motor. 


Insulated Gate Bipolar: A transistor used in AC drives to gen- 
erate AC power Transistor (IGBT) from DC power through a 
control strategy called Pulse Width Modulation (PWM). 


Inverter: A component of an AC drive that takes the regulated 
DC power and changes it back into a form of regulated (con- 
trolled) AC power. 


Load Cells: A type of feedback device. 


Load: The equipment being driven by the motor. 


NEMA: The National Electrical Manufacturers Association, 
which creates standards primarily, followed in the USA. 


Noise: Disruptions in a power or control system. 


Open Loop Vector: A type of AC regulator that controls motor 
speed Regulator without feedback devices, regulates the current 
output to the motor, and controls the rotor/shaft speed by control- 
ling the frequency of the magnetic flux in the stator. 


Phases: A reference to how many currents (or voltage forces) are 
transmitted at one time. 


Pulse Width: A control strategy which uses Insulated Gate 
Modulation (PWM) Bipolar Transistors to approximate an AC 
power supply by allowing variable amounts of DC voltage across 
the line. 


Rated Current: The amount of current flowing through the 
drive/motor when under full load. 


Regenerative Braking: A form of dynamic braking in which 
the power is dissipated back into the main AC line, rather than 
through resistors. 


Regulator: The control portion of the drive that determines what 
voltage and current is supplied to the motor, and the circuit 
through which DC power is supplied to the motor. 


Resistance: The “frictional” force in wires opposing the flow of 
current. 


Rotor: The rotational part of a motor. 


Shaft: The part of the rotor that extends outside of the motor 
case and connects to the equipment to be rotated. 


Silicon Control: A gated diode that only allows current to pass 
Rectifier (SCR) through it when the current reaches a certain 
value, which turns on the SCR. DC drive converters typically use 
this device to transform AC current into a variable and tightly 
controlled form of DC current. 


Stator: The stationary part of a motor. 
Tachometer: A device that monitors the actual speed of the motor. 


Torque: A reference to how much force the motor shaft exerts as 
it rotates. 


User/Operator Interface: A means of allowing an operator to 
program control references to the drive/motor system, and to 
monitor motor and drive operating conditions. 


Variable Torque Load: Loads in applications that exhibit both 
increases in torque and horsepower as speed increases. 


Variable Voltage Control: A reference to DC drives because 
they manipulate the voltage supplied to the motor. 


Voltage: The force that pushes or pulls electrons, causing them 
to flow. 


Voltage Spikes: A type of noise in which large quantities are 
suddenly transmitted across the line. 


Volts Per Hertz Regulator: A type of AC regulator which con- 
trols the frequency of AC power output to the motor, and does 
not use feedback devices. 
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ELECTRICAL MACHINERY 


By: J. B. 


The following are the ways electrical energy and mechani- 
cal energy are transformed into each other by rotating machines: 

Rotating electrical machines — generators and motors — are 
devices that transform mechanical power into electrical power, 
and vice-versa. Electrical power from a central power station can 
be transmitted and subdivided very efficiently and conveniently. 
The operation of electrical machines is explained by four general 
principles that will be briefly presented below. These principles 
are not difficult to understand, and illuminate most of the reasons 
for the stages in the historical development of electrical power, 
and especially of electric railways. This section discusses motors 
in general, but the specific application to electric locomotives is 
emphasized. Electricity is the medium that carries power from 
the prime mover, whether at a central power station or on the 
locomotive, to its point of application at the rail, and allows it to 
be controlled conveniently. 

Power is rate of doing work. One horsepower means lift- 
ing 550 pounds by one foot in one second. Mechanical power is 
force times speed. One watt is a current of one ampere (A) flowing 
in a potential difference or voltage of one volt (V). Electrical 
power is current (in amperes, A) times voltage (in volts, V). 
746W is equivalent to 1 hp. A medium-sized electric locomotive 
might have a rating of 2000kW, or 2680 hp. At 85% efficiency, 
and a voltage of 15kV, 157A is drawn from the overhead contact 
wire. Torque is the rotational equivalent of force, often useful in 
speaking of motors. It is force times perpendicular distance, and 
power is torque times rotational speed in radians per second. 

The first principle is that an electrical current causes a 
magnetic field which surrounds it like a whirlpool, and that this 
field, which is not material but rather a region of influence on 
other currents and magnets, is guided and greatly strengthened 
(by more than a thousand times) by passing through iron. When 
the current reverses in direction, so does the magnetic field. 
Currents deep in the earth cause its magnetic field, and the energy 
to drive them comes from either the rotation of the earth or the 
flow of heat within the earth. The field acts on the compass needle, 
which is a magnet. This principle can be called “electromagnet 
action”. 

The second is that an electrical current in a magnetic field 
(produced by some other currents) experiences a force perpendi- 
cular to both the direction of the current and the direction of the 
magnetic field, and reverses if either of these reverses in direction. 
The force is proportional to the current and to the strength of the 
magnetic field. This principle can be called “motor action”. 

The third is that an electrical conductor, such as a copper 
wire, moving in a magnetic field has an electrical current induced 
in it. This is expressed by the creation of an electromotive force or 
voltage, which causes current to flow just as the voltage of a bat- 
tery does. The effect is maximum when the wire, the motion, and 
the magnetic field are all mutually perpendicular. This principle 
can be called “generator action”. 





Calvert 


And the fourth principle is that a changing magnetic field 
causes a voltage in any circuit through which it passes. The 
change can be caused by changing the current producing the 
magnetic field, or by moving the sources of the magnetic field. 
This principle can be called “transformer action”. 

A rotating electrical machine consists of a field and an 
armature that rotate with respect to each other. The armature is 
the part of the machine in which the energy conversion takes 
place. The field provides the magnetic field to aid this process. In 
DC machines, the field is stationary (the stator) and the armature 
rotates within it (the rotor), because the rotation is necessary to 
switch the armature connections by means of the commutator, 
but it is only the relative motion that counts. In an alternator, the 
armature is stationary and the field rotates. The field consists of 
an iron core to carry the magnetic field, and a winding to excite 
the magnetic field by the current passing through it (first principle). 
The magnetic field is a passive but essential component in the 
operation of the machine. Like the field, the armature also consists 
of iron to complete the magnetic circuit, and is separated by a short 
air gap from the iron of the field. It is important that the air gap be 
as small as possible and remain uniform as the armature rotates. 

The armature also has 
windings. In a generator, 
these conductors are moved 
in the magnetic field produc- 
ing a voltage (generator 
action). If a circuit is com- 
pleted and current flows in 
these windings, a force is 
produced resisting the rota- 
tion of the armature (motor 
action) so that the driving TERNS 
machinery experiences a t 
mechanical resistance and 
does work, which is being 
transformed into electrical 
energy. In a motor, these con- 
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ductors are supplied with an 
electrical current, so that a 
force acts on them in the 
magnetic field (second prin- 
ciple), and this force can do 
external work. When the 
armature rotates while exert- 
ing the force, work is done, 
but a voltage is also pro- 
duced opposing the applied 
voltage, resisting the flow of 
current in the armature (third 
principle), implying a change 
of electrical work into 
mechanical work. 
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This opposing voltage generated when the armature of a 
motor turns is called counter-electromotive force. It might seem 
that it resists current flow through the motor, and of course it 
does, but it is really the essential factor in turning electrical into 
mechanical energy. Only the current that is driven into a counter- 
emf appears as mechanical work at the motor shaft; all else is 
wasted, the energy going into heat instead of mechanical work. 
Early inventors of electric motors did not realize this, and tried 
simply to get as much current into the motor as possible, which 
only burned the motor up without producing any mechanical effect. 
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Current is supplied to the armature through sliding con- 
tacts formed by graphite blocks (called brushes because originally 
brushes of phosphor bronze wire were used instead) pressing 
against copper rings. It is usually necessary to change the con- 
nections of the armature windings as they rotate with respect to 
the magnetic field, and this can conveniently be done by making 
the copper rings in segments. The result is the rotary switch 
called the commutator. These days, semiconductor switches can 
be used for this purpose in small motors, eliminating the commu- 
tator, but the principle is the same. The commutator and brushes 
are the only parts of a machine that normally require maintenance, 
except for the bearings and other mechanical elements. If it 1s not 
necessary to switch the current, as in AC machines, the moving 
contacts are called slip rings. 

Contemplate now the complete chain of energy flow from 
the prime mover, a steam or internal combustion engine, to the 
point where the mechanical power is finally applied. The trans- 
formation at each end must take place with a smooth mutual 
reaction, based on the second and third principles. This was not 
properly understood until the 1880s, so that practical electric 
transmission of power was delayed until that time. Power that is 
not delivered to the load is lost as heat in electrical resistance, 
which is equivalent to mechanical friction. Heat is produced in 
the generator, transmission lines, and motor, and limits the amount 
of power that can be handled. 

The ways that windings of wire are arranged in modern 
machines are shown below. The windings are either around the 
pole pieces, or placed in slots on the surface. The part that rotates 
is called the rotor, and the part that remains at rest is called the 
stator. Both are of a magnetic core iron alloy, and are laminated 
if they are subject to alternating magnetic fields, to reduce eddy- 
current losses. DC machines typically have a salient-pole field on 
the stator, with the field windings on the pole pieces, and a non- 
salient pole winding on the armature, forming the rotor. The 
magnetic field of the stator is constant, while the field in the 
armature alternates. Therefore, the armature is laminated. The 
actions of salient and non-salient pole windings are equivalent. A 


non-salient pole winding can be arranged to give any desired 
spatial distribution of magnetic field. The typical salient-pole 
winding of a DC machine provides field-free regions between 
the poles that aids commutation, since switching can be done 
while the armature conductors are in this region and not generating 
any emf. In both salient and non-salient pole machines, the windings 
are firmly held mechanically. 
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The windings of motors and generators can be connected 
in one of two basic fashions. If the field windings and the arma- 
ture windings are in series, they are called series-connected. In 
this case, the field windings are of heavy-gauge wire to carry the 
main motor current. The field becomes stronger as the armature 
current increases, leading to a very great force at low speeds. If 
the field and armature are in parallel, they are called shunt-con- 
nected. The field winding consists of rather fine wire. If the voltage 
applied to the motor is constant, then the field strength is also 
constant. If a generator 1s rotated at constant speed, then the out- 
put voltage is independent of the load. There are intermediate 
cases where the field has both series and shunt windings, and 
such machines are called compound. 

Most direct-current power-station generators are mainly 
shunt-connected, and most traction motors mainly series-con- 
nected, as you might expect from the requirements of the two 
services: constant voltage in the first case, high starting torque in 
the second. Rotating machines can be made for voltages up to 
about 2000V, the restrictions being insulation and flashover at 
the commutator. 

It is not easy to change DC voltages. One way to do this 
was to use a dynamotor, which had a normal field winding, but 
dual armature windings and two commutators. One winding was 
supplied at the input voltage and drove the dynamotor by motor 
action. The other winding supplied the output voltage. This can 
really be considered a kind of AC transformer. The input commu- 
tator creates AC from DC, and the output commutator changes 
the new AC voltage to DC. In World War II, when radios required 
a plate supply of, say 300 V, dynamotors were used to obtain this 
voltage from 6 V battery supply. 

The speed of a direct-current motor is determined by both 
the field strength and the load. If there is no load, the speed is such 
that the voltage produced in accordance with the third principle 
exactly balances the applied voltage, and the armature current is 
zero. As the load is increased, the speed decreases to allow current 
to be drawn so the necessary electrical power can be converted. 
When the motor stalls, it is exerting its maximum force. Therefore, 
the speed of a shunt motor, or one in which the field is produced 
by a permanent magnet, is determined by the applied voltage, 
and can be adjusted finely. 

If voltage is applied to a series motor without a load, the 
motor speeds up. As it does so, the field current decreases so the 
motor must speed up some more to generate the same back voltage. 
This keeps up until the motor flies apart. The loss of load on a 
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series motor is a serious thing and must be guarded against. 
When a loaded series motor is rotating with the maximum voltage 
applied to it, the current just produces the required amount of 
force with the existing field strength. If the field is weakened by 
reducing the current in it (by putting a resistance in series with it, 
for example) the motor must speed up to compensate. This is one 
method of speed control for direct-current motors. 

A large direct-current motor must not be started by applying 
the full voltage across it while it is at rest, especially a series 
motor. The heavy current and field will create a great jolt that 
may damage the motor and its mechanical connections. A starting 
resistance is used to limit the initial current to only the amount 
necessary to put the motor into rotation. As it speeds up, the start- 
ing resistance can be removed in steps. In normal operation, the 
starting resistance should be removed, since it represents a sig- 
nificant loss of power. For further speed control when more than 
one motor is used, as on a streetcar or locomotive, the motors can 
be connected in series to start, and in parallel to run. In each case, 
the field can be weakened to give a higher speed. With four 
motors, series, series-parallel, and parallel connections, with field 
weakening, gives six speed levels that can be designed for service 
requirements. This could give, for example, speeds of 10, 15, 20, 
30, 40, and 60 mph with starting resistance switched out. 

A direct-current motor can be reversed by reversing the 
direction of the current in either the field or the armature. There 
is more to the story, however. The small demonstration locomotive 
of Werner Siemens of 1879 reversed by means of gears, and some 
authors have implied that it was not yet known how to reverse a 
DC motor, which is absurd. The problem lay in the brushes and 
commutator. The brushes must be placed so that their switching 
action takes place at the moment when the current in the windings 
being switched is zero. As the load on the motor increases, the 
armature current increases, and the magnetic field it produces 
causes the total magnetic field to change so that the brushes must 
be shifted to a new point of zero current. If this is not done, there 
is sparking at the commutator, which is rather destructive. The 
brushes on Siemens’ locomotive were set at an average position 
for the load, so that if the motor were reversed, the brushes would 
have been at an improper position, and sparking would result. 
Therefore, he used reversing gears and the motor continued to 
rotate in the same direction. 

A better way out of this difficulty was soon found. Small 
poles, called commutating poles, were placed between the main 
field poles. These windings are in series with the armature, and 
proportioned so that they cancel the varying field of the arma- 
ture. The optimum brush position then becomes independent of 
motor load or direction of rotation. 

Semiconductors have made possible a continuous control 
of voltage to the traction motors. This is called chopper control, 
and gives direct-current locomotives the same fine speed control 
as alternating-current locomotives. Using semiconductors, 
direct-current electrification is possible without any rotating 
machines, and all the advantages of both alternating and direct 
currents can be exploited. 

If a commutator is not used on a generator, merely slip 
rings to connect with its windings without any switching, its output 
voltage alternates smoothly from positive to negative, which can be 
made to be a pretty good sine curve by using non-salient-pole 
windings. It is easier to generate such an alternating current by 
rotating the field inside a stationary armature, so that the main 
current does not have to flow through the sliding contacts. The 
sliding contacts, which are called slip rings, need handle only the 


lower voltage and current of the field windings. High voltages 
can be generated because it is much easier to insulate the stator, 
and because these voltages do not have to be handled by the slip 
rings. This is such an advantage that practically all electricity is 
generated as alternating current, and the generators are called 
alternators. These advantages were even reflected in automo- 
biles, which previously used 6V dynamos, but now all use 12V 
alternators. Typically, the stators are non-salient-pole, while the 
rotating fields have salient poles. 

Alternating current has the compelling advantage that its 
voltage can be changed easily and efficiently by a transformer, 
which is a closed iron core surrounded by two windings (first and 
fourth principles). The ratio of the voltages in the two windings is 
the same as the ratio of the number of turns, and the ratio of the 
currents inversely, so that the power remains the same. Since 
there are no mechanical parts, the efficiency of transformers is 
very high, and maintenance very low. Alternating current is trans- 
formed to higher voltage and smaller current for transmission, and 
back to lower voltages for use. Transformers with taps can be 
used to obtain a series of voltages if desired. In fact, an almost 
continuous voltage variation without loss is possible. 

If direct current is required for motors, alternating current 
can be converted to direct current in four ways. First, a motor- 
generator set can be used, running at constant speed. A better 
solution is the rotary converter, essentially a DC generator rotated 
by AC supplied to it. These were the only practical ways at first 
for large power requirements, especially for electric railways. 
Later, rectifiers based on electrical discharges, notably the mercury- 
arc rectifier, made conversion possible without rotating machines, 
and with currents appropriate for locomotives. Both of these 
methods have now been completely superseded by solid-state 
(silicon) rectifiers, which are trouble-free and easily controlled. 
Single-phase 50/60 Hz alternating current can be supplied at 
high voltage, reduced in voltage by a transformer, rectified by 
solid state rectifiers, and applied to direct-current traction 
motors, making a very serviceable and economical locomotive 
that is today’s standard. 

The Ward-Leonard system of speed control for a direct 
current motor used a generator driven by a motor supplied from 
any kind of current, alternating, three-phase, or direct. By control 
of the generator and motor fields, control of the motor over a 
wide range of speeds was possible. This system was used in a 
few locomotives to permit the use of direct-current traction 
motors with single-phase alternating current supply. The problem 
was that three machines of equal capacity were required in place 
of one, a very costly alternative. Semiconductor rectifiers or chop- 
per control have completely replaced the Ward-Leonard system. 

At first sight, it would seem easy to make alternating 
current motors. If the polarity of the supply to a DC motor is 
reversed, the motor continues to turn in the same direction. If AC 
is supplied, the torque might be pulsating, but at least it would 
always be in the correct direction. Unfortunately, this is not true 
(except at unrealistically low frequencies) because of the exis- 
tence of reactance that causes phase differences and inductive 
kicks. The magnetic fields and the currents get out of register, 
torques are small, and there are sparks everywhere. However, 
with the series motor there is some hope, because the same cur- 
rent that creates the field also passes through the armature, so 
they must stay in phase. In fact, series motors can be designed for 
AC, and they have been brought to a high state of excellence, 
although best at 16 2/3 or 25 Hz. 

Most AC motors, however, depend on a rotating field pro- 
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duced in the stator, or stationary part of the motor. This is a mag- 
netic field produced by windings through which alternating cur- 
rents are passed that seems to rotate around the stator with time. 
The number of poles P is the number of north and south poles 
around the circumference, and is determined by how the windings 
are placed on the stator. The rate of rotation of the field is given 
by N = 120 f/P rpm, where f is the frequency of the alternating 
current. A four-pole field rotates at 1800 rpm, for example, with 
60 Hz current. This is called the synchronous speed. The easiest 
way to produce such a field is to use an AC supply that consists 
of several voltages with a constant phase difference between 
them, called a polyphase supply. One could use two voltages at 
90° phase difference, and let each voltage supply alternate coils 
in a four-pole machine. Better, however, to use three voltages at 
120°, called three-phase, for then the power flows as evenly as 
with DC. These voltages are generated by separate windings on 
the alternator, and are supplied over three wires. These stators 
have no salient poles, but have a smooth surface with the windings 
embedded in slots. Three-phase current is normally used for 
transmission and distribution of electrical power, since it is the 
most efficient means in terms of the copper required and trans- 
mission losses. 
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Suppose we have such a stator with a rotating magnetic 
field. For the armature, we use a drum armature as for a DC 
motor, but simply short-circuit the windings. Then, when the 
motor is not rotating, we have what is very much like a trans- 
former with a shorted secondary winding. It is excited at the fre- 
quency of the stator currents. Unlike a transformer secondary, 
this secondary can rotate in response to the forces exerted on it 
(its windings are in a magnetic field). When it does so, it tends to 
follow the rotating field more and more closely. When it is rotat- 
ing at exactly the same speed as the rotating field, the apparent 
frequency to the rotor is zero, and no currents are induced at all. 
If it rotates slightly slower, or slips, the frequency increases, and 
more currents are generated. The slip is the difference in rotating 
speed divided by the synchronous speed, expressed as a percent- 
age. The forces on these currents provide the torque exerted by 
the motor. The torque increases about proportionately to the slip. 
At some point, however, the reactance of the armature windings 
comes into play not only to limit the currents, but to move them 
out of phase with the magnetic field. So the torque levels off, and 
passes a maximum value called the breakdown torque. The 
motor now slows down more and more rapidly, the torque more 
and more out of phase. When the rotor comes to rest, the starting 
torque is produced, and the motor will not move until the 
required torque is less than this amount. 

This kind of motor is called an induction motor, which has 
no DC analog. It rotates a bit more slowly than the speed of the 
rotating stator field, which is called the synchronous speed. Large 
polyphase motors may have a slip of only 1% or so at normal 
load, so the induction motor is essentially a constant-speed 


motor. Its speed can only be greatly changed by changing the fre- 
quency of the supply. The starting torque is considerable, but at 
the cost of rather high currents out of phase with the voltage. The 
lagging power factor of an induction motor can be a problem. 
Nevertheless, the lack of a commutator and brushes, and that it 
has a reasonable starting torque, make the induction motor the 
most commonly used AC motor. A typical motor has a rotor 
composed of parallel thick copper or aluminum conductors con- 
nected to a ring of the same material at the ends. This is called a 
“squirrel cage” rotor. 

Squirrel-cage rotors, because of their low impedance, run 
with small slip and give high torque at speed. However, their 
starting torque is poor. If your sink garbage disposal is on the 
same circuit with some lights, note the lights dim briefly when 
you switch it on. This is the result of the high reactive current 
drawn by the static induction motor, which can be 4 times the 
normal load current. Fuses must be slow-blow to let this pass 
before deciding that there is some problem. There is usually a 
circuit breaker on the disposal that opens if the motor is stalled. 
You might also note the limited starting torque when the motor 
fails to start if it gets something in its teeth. By adding resistance 
to the rotor, better starting torque can be obtained, at the cost of 
poorer running at speed. Ways have been devised to cut out the 
resistance after starting, but these involve a wound rotor with 
brushes, or complicated double windings, and have not been 
worth the bother. 

Small single-phase induction motors can be made that 
create the extra phase that is necessary for starting the motor 
internally. Examples are the split-phase, capacitor start and shad- 
ed-pole motors used on motors of a few hp and less. Split-phase 
motors use a separate winding of higher inductance to produce a 
phase shift; capacitor motors use a capacitor for the same effect, 
and the capacitor can be switched out after the motor has started 
and has come up to speed. A shaded-pole motor has a copper ring 
around one side of the poles to retard the flux there, so the field 
appears to rotate. These single-phase motors can operate on 
50/60 Hz, but are not suitable for traction motors because of their 
poor starting characteristics, and their low efficiency. 

An unusual type of single-phase AC motor has non- 
salient-pole stator and rotor. The stator is supplied by the single- 
phase AC current, while the rotor is very similar to a DC armature, 
with commutator and brushes. The brushes are short-circuited, 
and the armature current is created by induction from the stator. 
If the brushes connect turns that are in field-free regions, any 
armature current would be in phase to produce a torque. 
However, with this brush position, there is no current, since the 
emf’s cancel. If the brushes connect turns that are under the 
poles, the induced armature currents are a maximum, but the forces 
exerted on them cancel. At some intermediate brush position, there 
is both current and a net force. The motor can be reversed by 
moving the brushes past a pole to an equivalent position. Such a 
machine is called a repulsion motor, and it acts somewhat like a 
series motor. Although it gives good torque, commutation at the 
brushes can be difficult, with sparking. The theory of the repulsion 
motor is rather difficult. 

A non-salient-pole stator with a rotating field can be used 
with a salient-pole rotor to make an AC motor. This is, in fact, 
exactly like an alternator except that the mechanical power is 
output, not input. The rotor is fed DC by slip rings to magnetize 
it. As the stator field rotates (electrically), it will carry the rotor 
poles around with it at the synchronous speed (mechanically). 
For this reason, this type of motor is called a synchronous motor. 
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A synchronous motor is essentially an alternator run backwards. 
Rotor current must be supplied, because there is no relative 
motion to induce it as in an induction motor. The magnetic field 
in the rotor 1s constant, and corresponds to the constant flux in a 
transformer. However, its alternating variation as seen by the sta- 
tor windings is now produced by its motion. 

A few poles of a synchronous motor are shown in the dia- 
gram below. Stator poles are shown as salient for clarity, though 
the stator is usually non-salient-pole. The rotor and stator poles 
remain in fixed relative positions. The rotor poles are carried along 
by the rotation, while the stator poles move as they are excited by 
the polyphase supply. When there is no torque exerted by the 
rotor, conditions are as in (a). When the motor supplies a torque, 
the rotor lags a bit behind, as shown in (b). The lines of force 
suggest the pull on the rotor, since there is a tension along the 
magnetic field. There is now a phase difference between rotor 
and stator, inducing a voltage that reduces the back emf present- 
ed to the supply, and the current to the motor stator, in phase with 
the voltage, must increase to bring the back emf up to the supply 
voltage, exactly as in a transformer. It is rather difficult to see this 
except by a detailed analysis involving phasor diagrams, but the 
force and energy relations can be verified as for a DC motor. 
Energy supplied against a back emf is transformed to an equal 
amount of mechanical energy. 
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The motor torque depends on the angle the rotor lags 
behind the rotating stator field. If the torque required is too high, 
the motor may drop out of synchronization, and then come to 
rest. Such motors can supply considerable power, but run at a 
fixed speed determined by the current frequency, and cannot start 
against a load. They may be started by an auxilary motor, by act- 
ing as an induction motor, or by other means, before load is 
applied. They are, therefore, unsuitable as traction motors, but 
can be the motor in a motor-generator set. They can drive a three- 
phase alternator in this arrangement, which can feed three-phase 
traction motors, or, of course, can drive a direct-current generator, 
as in a Ward-Leonard control. The synchronous motor requires 
DC excitation, and has slip rings to maintain, so it is not as com- 
monly used as the induction motor. If the DC field excitation is 
changed, the synchronous motor can be made to draw reactive, 
wattless quadrature current and act as a capacitor or an inductor. 
Only for a certain level of excitation is the current in phase with 
the applied voltage. Synchronous motors without a mechanical 
load can be used to correct power factor in a transmission system. 

One type of small synchronous motor is used to drive 
clocks. Tesla chose 60 Hz as the power frequency looking toward 





this application. More useful for this purpose are subsynchro- 
nous motors, that run at a fraction of the synchronous speed, 
making the gearing easier. These motors can have a toothed rotor, 
or a rotor consisting of copper rods, and will lock in at a subsyn- 
chronous speed, though they are fundamentally two-pole motors 
operating at 3600 rpm. Such motors cannot supply much torque. 

A synchronous converter can convert AC to DC with high 
efficiency. This is a machine much like a DC generator, but with 
a polyphase non-salient-pole field. Polyphase, usually six-phase, 
power is supplied to the stator, while the rotor rotates at the syn- 
chronous speed. DC can now be taken from the commutator and 
brushes. The armature current is the difference of the AC and DC 
currents, so it is rather small and this helps the efficiency of the 
machine. The DC side of the machine can be used to bring it up 
to synchronous speed quite conveniently, if DC is available from 
batteries or some other source. Synchronous converters were much 
used before solid-state rectifiers became available. 

Quite recently, semiconductors have made possible the 
creation of three-phase power of variable frequency, so that it 
becomes applicable to traction motors. Electrical power generated 
by an alternator, or supplied by a contact wire, is first converted 
to direct current, then to variable-frequency three-phase for sup- 
plying induction traction motors in a locomotive. In this way, 
commutators and other troublesome sliding contacts are com- 
pletely eliminated, reducing maintenance costs. This has 
occurred even though DC has distinct advantages for traction. 

Improvements in motors since the turn of the century, 
making them smaller, lighter, and more efficient for the same 
output, have been due to three main factors. The first was rational 
design of the magnetic circuit, to make the best use of the iron. 
Next was improved magnetic material, especially silicon iron 
with low losses, that meant less iron could be used and motors 
could be more compact. Finally came better insulating materials 
that required less room and could stand higher temperatures. 
These benefits extended to all other electrical machinery as well, 
including generating apparatus and transformers. 

A supply in the range 600-700V DC was common for 
street railways, rapid transit, and interurban electric railways, in 
spite of the heavy currents required. Remember that power is 
voltage times current, so doubling the voltage halves the current 
for the same power, and the losses are proportional to the square 
of the current, so a decrease in current is very desirable. A voltage 
much above this cannot safely be used for third rails and where 
work must be done around energized equipment. With normal 
precautions, such voltages are not fatal and require actual contact 
for danger. 1500V was initially popular for main line electrification 
with an overhead contact wire. Somewhat higher voltages, up to 
3000V, were later used to reduce the traction currents as far as 
possible, although 3000V generally requires traction motors to be 
permanently in series. 11, 15, and 20kV are used for alternating- 
current electric railways using an elevated contact wire. These 
are the highest voltages that can be safely used taking normal 
clearances into account. Personnel must be kept well out of the 
way of such voltages, which, unlike the lower voltages just men- 
tioned, can reach out and be fatal at considerable distances. 
Transmission may be at 100kV and over, where the conductors 
are specially insulated on high towers. 

Although we have seen a bewildering variety of rotating 
electrical machines, there is really only one fundamental princi- 
ple at work. These machines are transformers between electrical 
and mechanical energy, just as the usual AC transformer trans- 
forms between electrical energy at different voltages. In fact, the 
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ordinary transformer was also called a static transformer. These 
machines are dynamic transformers. On the mechanical side, the 
energy is transmitted by rotation. Torque times angle is work, 
torque times angular velocity is power. Every machine has a 
magnetic circuit, in which certain fluxes are established that are 
analogous to the flux in a static transformer. This magnetic field 
assists in the energy transfer, but does not receive or give energy 
itself. The magnetic flux links conductors, and can exert forces 
on them if they carry currents, and can induce emfs in them if the 
flux changes. The forces determine the mechanical power, while 
the emfs determine the electrical power. There are other energy 
effects, such as I2R loss in the conductors and the eddy currents, 
iron losses due to hysteresis, mechanical friction and windage, 
and the alternating flows of reactive volt-amperes. However, the 
induced emfs and the forces are always such as to represent an 
ideal conversion between electrical (emf times current) and 
mechanical (force times distance) energy, accompanied by these 
losses, which can be minimized, but are unavoidable. 

When the conductors are on the surface of the rotor, actually 
in the magnetic field of the air gap, it is easy to see how the emf 
is induced, and how, if current flows, the force times distance 
equals the emf times current, as we pointed out at the beginning 
of this paper. It is not so easy to see this if the windings are on 
the stator, while the force is on the rotor, and if the conductors 
are buried in the iron, or wrapped around the poles. Nevertheless, 
a careful analysis would show in every case exactly the same 
relations that are so evident with conductors in the air gap. 

To generate electrical energy, we move conductors (arma- 
ture) in a magnetic field (field) at rest, or else move a magnetic 
field (rotor) relative to conductors at rest (stator). In either case, 
we get a periodically reversing emf that can be made sinusoidal 
by careful design. If generated in the rotor, the motion can be 
used to switch the connections so that the output current is uni- 
directional, and more or less constant. Mechanical energy always 
enters by the rotor, but electrical energy can be taken either 
from the rotor or the stator. Whenever any current is drawn, the 
mechanical side feels the effect as an increased drag. The energy 
received from the mechanical side is always greater than the 
electrical energy delivered. 

To generate mechanical energy, we can place movable 
conductors (armature) in a steady magnetic field (field). Torque 
is produced when we drive a current through the conductors, and 
when the armature moves, we feel an electrical opposition to 
supplying the current. Or, we can wind the stator to produce a 
rotating magnetic field, and have this field drag along conductors 
on a rotor. Current is driven through the rotor conductors either 
by induction, or by an external source. In either case, when 
mechanical energy is drawn, there is an electrical effect amount- 
ing to an increase of the current driven into a back emf. The energy 
delivered to the mechanical side is always less than the electrical 
energy supplied. 


The only general and satisfactory way to understand the 
forces on the rotor of an electrical machine is by considering the 
magnetic field over an imaginary surface surrounding the rotor. 
Electric fields play no role in the forces in electrical machinery. 
From the magnetic field, the Maxwell stress tensor can be found, 
and from it the forces on the rotor, by integrating the shearing 
Stresses over the surface. In the usual DC motor, if no armature 
current exists, the magnetic field passes symmetrically through 
the armature, and there is no net torque on it. When armature cur- 
rent flows, it creates a transverse component of the magnetic 
field, so the total field is “twisted”. This field has a tangential 
component in the air gap that is responsible for the torque on the 
armature. The picture of current-carrying wires in a magnetic 
field is of little help in understanding an actual motor. 

Rotary motion is ideal for most applications. On the 
mechanical side, it allows the use of an excellent and efficient 
mechanical transformer, gearing. Bearings provide a convenient 
support for rotating shafts. Turbines provide rotary power for 
generators, and they are efficient prime movers when used at 
constant speed and constant power. Just as there are reciprocat- 
ing engines, one can conceive of reciprocating electrical 
machines. However, one notices that reciprocating motion usually 
has to be transformed to rotary motion for applications, aside 
from such things as driving a reciprocating pump. Even here, the 
centrifugal pump, with rotary motion, is used where possible. 
Reciprocating electrical machines have been tried, but were very 
unsatisfactory, and there is no reason to resurrect them. Motors 
with a linear stator would also seem quite impractical mechanically, 
if not electrically. The only application would be to traction, but 
here they are a solution without a problem. Professor E. 
Laithwaite of Imperial College promoted linear motors vigorous- 
ly, and there are still efforts in this direction, usually with mag- 
netic levitation as well. The best use of this idea would be if the 
power were supplied to the stator, with a passive “cursor”, but 
this would be hopelessly uneconomic for practical transport, 
though feasible for very short distances. There is no essential dif- 
ference in operation between these linear motors and the rotary 
ones. 


Electric Motors and Variable Frequency Drives Handbook - Vol. 4 23 


ENERGY SAVING SYSTEMS FOR INDUCTION MOTORS 


Are they a sham? Do they work? 


By: T.M.Empson 


There seems to be a resurgence in interest in the Nola ener- 
gy saving algorithm for induction motors, with a number of man- 
ufacturers beginning to market “new” and “improved” versions of 
this technology. 

The technology was originally proposed and developed 
by Frank Nola of NASA in the mid to late 70s as a means of 
reducing energy wastage on small single-phase induction 
motors. From the initial NASA developments, we saw a number 
of manufacturer’s world wide gaining manufacturing rights and 
marketing the technology in various forms. Difficulties were expe- 
rienced in the early days in applying this technology to three- 
phase motors in a fashion that they would perform with stability 
and reliability. 

Many patent applications were made in the early 80s cov- 
ering variations in the technology as it could be applied to the 
three-phase applications. An early application by Rutherford and 
Empson was successful in both operating as specified and in 
being granted letters patent. Many of the other early three-phase 
patent applications were purely speculative and could not possibly 
achieve the desired results. 

The concept of energy saving has always been an attention 
grabber, especially when the promised savings are high and the 
potential for a reduction in running costs appears high. The initial 
introduction of this technology was a marketing person’s dream, 
and some very extensive marketing plans were implemented in 
the early 80s. Unfortunately, the marketing was based on the 
results achieved with very small machines, and expectations 
were high because of the results so achieved. There were many 
promises made to prospective users based on extrapolated data 
which was not field verified at an early stage, and could not be 
realized in real applications. 

As we experienced in the early eighties when we were 
manufacturing similar products, there appear to be many miscon- 
ceptions about the performance of induction motors and many 
claims are based on the presumption that the induction motor at 
less than full load is an inherently inefficient device. We with- 
drew from promoting this type of device as a result of expecta- 
tions in the marketplace that resulted from overzealous market- 
ing with totally unrealistic claims which could not be achieved 
without inventing perpetual motion. — I recall a refrigeration 
engineer who had been promised a 50% energy saving on his 
SOKW refrigeration units which were constantly running at 
about 50% load. He had tried numerous units to no avail, and 
eventually approached me on a recommendation. I asked him for 
the efficiency of the motors at this load and he found that it was 
about 87%. As he immediately began to see, there was no way 
that he could save 50% of the energy consumed by the motor. To 
do so would require a motor efficiency of over 100% which is 
just not possible with an induction motor and today’s technology. 

There is no doubt that under the right conditions, technol- 
ogy can reduce the energy drawn by an induction motor, and 
thereby achieve some benefit. The problem is that, as the result of 


limited technical understanding of the induction motor and its 
characteristics, erroneous claims are being made by extrapola- 
tion of results achieved with small motors. Worked examples 
often show flawed methodology in making power measurements 
in three-phase three-wire installations. 


1. THE TECHNOLOGY 


The basic algorithms are proposed by Frank Nola 20 years 
ago to monitor the power factor of the motor, and to reduce the 
voltage when the power factor is dropping in a manner as to 
increase the power factor. There is a correlation between the 
power factor of the motor and the motor efficiency such that the 
power factor will begin to fall when the efficiency of the motor 
falls. As such, the energy saving algorithm will act to improve 
the motor efficiency by reducing the iron loss in the motor. In 
some cases of very lightly loaded motors, it will also reduce the 
magnetizing current and where this is much greater than the 
work current, the copper loss may also be reduced. Although there 
may be some slight differences in the way the modern algorithm 
is implemented, I do not believe that there can be any significant 
improvement in the energy savings experienced in the early days 
when we were experimenting with this type of product. We 
found that the limitation was not the controller, but the inherent 
efficiency curves and characteristics of induction motors. 


2. INDUCTION MOTORS 


Large induction motors are inherently very efficient with 
efficiency figures as high as 95% at full load being quoted. The 
efficiency will fall at reducing load, however the efficiency only 
falls by a small margin between full load and half load. For 
example, a Brook Crompton 110Kw motor type 7GUD315S is 
rated at 92% efficient at full load, 91% efficient at three quarter 
load and 89% efficient at half load. As the shaft load is reduced, 
the current reduces, reaching a minimum of the magnetizing 
current of the motor. The magnetizing current for an induction 
motor can vary between 20% of the rated full load current and 
60% of the rated full load current of the motor depending on the 
motor design. As the load is reduced, the power factor of the 
motor also reduces by a small margin. With the Brook Crompton 
110Kw motor, the power factor at full load is quoted at 0.92, 
three quarter load is 0.91 and at half load is 0.88. In this example, 
the potential energy saving at half load is very small. It is probably 
not unreasonable to expect that the maximum efficiency of a 
given induction motor is not going to be much in excess of its 
rated full load efficiency, so a half load efficiency gain of 4% 
may be achievable under ideal conditions, but with the non sinu- 
soidal currents created by the use of an energy saver, this is not 
achievable in practice. 

Induction motors have five major components of loss; 
Iron loss, Copper loss, Frictional loss, Windage loss and Sound 
loss. All these losses add up to the total loss of the induction 
motor. Frictional loss, windage loss and sound loss are constant, 
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independent of shaft load, and are typically very small. The 
major losses are Iron loss and Copper Loss. The iron loss is 
essentially constant, independent of shaft load, while the copper 
loss is an RR loss which is shaft load dependent. The iron loss is 
voltage dependent and so will reduce with reducing voltage. 

For a motor with a 90% full load efficiency, the copper 
loss and iron loss are of the same order of magnitude, with the 
iron loss typically amounting to 25-40% of the total losses in the 
motor at full load. If we consider, for example, an induction 
motor with a full load efficiency of 90%, then we could expect 
that the iron loss is between 2.5% and 4% of the motor rating. If 
by reducing the voltage, we are able to halve the iron loss, then 
this would equate to an iron loss saving of 1-2% of the rated 
motor load. 
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If the motor was operating under open shaft condition, 
then the power consumed is primarily iron loss and we could 
expect to achieve a saving of 30%-60% of the energy consumed 
under open shaft conditions. It must be reiterated, however, that 
this 1s only about 1-2% of the rated motor load. For example, 1f 
we take a Toshiba 2 pole 22kW D180M motor, we find a full 
load efficiency of 90.9%. This motor has a rated iron loss of 
about 25% of the total loss. This amounts to 22 x .091 x .25 = 
about 500 watts. At best, I would expect to halve this loss, result- 
ing in a saving of 250 watts at light load. Under open shaft con- 
ditions, this may well amount to 30% of the energy consumed by 
the motor, but 1t is still only about 1% of the motor rating. If the 
energy wasted by the motor 1s small, then there is very little to be 
saved, irrespective of the technology used. 

The current flowing into an induction motor comprises 
three major components, magnetizing current, loss current and 
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load current. The magnetizing current is essentially constant, 
being dependent only on the applied voltage. The magnetizing 
current is at phase quadrature to the supply voltage and so does 
not contribute to any Kw loading except for the contribution to 
the copper loss of the motor. The magnetizing current causes a 
reduction in the power factor seen by the supply. The loss current 
is essentially a Kw loading as is the load current. For a given 
shaft load, the output Kw must remain constant. As the terminal 
voltage of the motor is reduced, the work current component 
must increase in order to maintain the shaft output power. (P = I 
x V) The increasing current resulting from reducing voltage can, 
in many instances, result in an increasing I2R which is in excess 
of any iron loss reduction that may be achieved. For a large 
motor, the magnetizing current can be as low as 20% of the rated 
full load current of the motor. 

Three-phase induction motors have a high efficiency to 
less than 50% load, and experience suggests that there is no real- 
izable saving to be made until the motor is operating at well 
below maximum efficiency (typically below 25% load). A 
Toshiba 150K W 4 pole machine exhibits a full load efficiency of 
94.6%, 75% load efficiency of 94.8%, 50% load efficiency of 94% 
and a 25% load efficiency of 90.3%. There are many examples 
such as this which illustrate that the induction motor is efficient 
at considerably less than full load and, as such, there can be very 
little advantage in using an energy saving algorithm on anything 
other than a small inefficient motor. Using SCRs to reduce the 
voltage applied to an induction motor operating at reduced load 
and a high efficiency will reduce the iron loss, but there will be 
an increase in current to provide the work output. This increase 
in current will increase copper loss by the current squared, off- 
setting and often exceeding the reduction in iron loss. This will 
often result in an increase in the total losses of the motor. 1.e. will 
have the reverse effect to that for which it was installed. The 
potential to save energy with a solid state energy saving device 
only becomes a reality when the motor efficiency has fallen. This 
generally requires a considerable fall in power factor, typically 
down to below 0.4 under full voltage operating conditions. 

Large motors have a very low iron loss, (often 2-6% of the 
motor rating) and, so, the maximum achievable savings are small 
relative to the motor rating. 
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Very small motors, (particularly-single phase motors) have 
a much lower efficiency, and a much higher iron loss and so the 
potential to save energy is considerably higher. 
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3. MEASUREMENT TECHNIQUES 


To establish the energy saved in a given installation, it is 
important to ensure that the measurement techniques are appro- 
priate and correct. Three-phase Induction motors are a three-wire 
circuit with a power factor which can vary between 0.1 and 0.95. 
Three-phase power measurement techniques must be employed 
in order to achieve meaningful results. The standard methods of 
measuring the input power on a three-phase three-wire circuit are 
either to use the single-phase watt meters, one per phase and sum 
the results, or use the two watt meter method, or a three-phase 
watt meter. Measurements made on one phase, and multiplied by 
three can be extremely erroneous, especially under light load 
conditions. The Kilowatt loading on the three phases at light 
loads can be severely unbalanced even though the currents may 
not be unbalanced to the same degree. When using the two watt 
meter method, care with phasing is very important as this can 
totally alter the results. Measurements made by multiplying volt- 
age, current and power factor on each phase can work with a con- 
tinuous sinusoidal current provided that each phase is individu- 
ally measured, and the power consumption from each phase is 
then summed to give the three phase power consumption. 

Measurements on non-sinusoidal currents and or voltage 
must be made with true integrating watt meters. The formula of 
P=V x I x pf applies only with a continuous sine wave current 
and voltage. The introduction of SCR or triac switching elements 
into the circuit to control the voltage results in non-sinusoidal 
current and voltage, and under these conditions current, voltage 
and power factor measurements are meaningless in determining 
the power consumed. By definition, power is the integral of 
instantaneous volts x amps of the period of one or more cycles. 
At the instance that current is flowing, the SCR or triac is turned 
ON resulting in full line voltage at that instance in time. 
Therefore, there is no difference between measurements made on 
the input of the energy saver or the output of the energy saver 
with the exception that there is some loss in the energy saver 
which will appear on input measurements but not output meas- 


urements. There is no way that the power consumed by the motor 
can be measured or approximated by measurement of the current 
in one phase, the power factor, and the output voltage applied to 
the motor, all multiplied together. This results in totally fictitious 
results. 

Comparisons are best made under controlled conditions 
with a true Kw or kWh metering system. The rotating disk kWh 
meter is what the power bill is based on and so it is a good instru- 
ment to use. 


4. CLAIMS 


A recent review of yet another newcomer onto the inter- 
national market with an energy saving device for induction 
motors showed the same inaccuracies and misrepresentations 
that were common when the technology was first promoted. The 
information given displays a number of inaccuracies which 
severely compromise the credibility of the claims that are made. 
The statement is made that: 


“Induction motors draw the same current whether loaded or unloaded; the effi- 
ciency goes down when less than the rated load is applied to the motor.” This 
statement is demonstrably incorrect and is the foundation of the basic assump- 
tion that motors operating at half load will save up to 50% percent power con- 
sumed. This statement was contradicted in the same literature by the statement 
that: “the current at half load was about 75% of the full load current.” This 
Statement would be true on a small single phase motor with a magnetizing cur- 
rent in the order of 50% of the rated full load current, or higher. 


Another statement that, “the company believes that it was 
the first to develop and introduce an energy savings device utiliz- 
ing digital technology.” The company is somewhat ill informed 
as companies such as Fairford had micro based energy savers 
available more than 16 years ago. Rockwell have had one avail- 
able for a number of years also. 

Many of the test results, quote irregular results such as 
induction motors with power factors as high as 0.99 and power 
factors that drop as the voltage is reduced when, in fact, the algo- 
rithm works by reducing the voltage to maximize the power fac- 
tor. One report shows a “voltage saving of 10.7% and a “current 
saving of 13.0%” resulting in a “KVA saving of 23.7%”. This is 
absurd and suggests that other figures are also incorrect. In reality, 
the current only flows through the triac while it is turned on, so 
the current must be multiplied by line voltage to give the correct 
results. This can be verified by the use of true power board type 
metering. The true saving is more like 13% KVA. 

A detailed look at the quoted examples of energy saving 
is quite alarming, as the quoted results are obviously not correct. 

In one such quoted example, the application was for a 
Chilled water pump 75Hp, 95 Amp, 440V 3ph. 

Tests were quoted as below: 


Without energy saving device 


volt 479 
amp 68 
kw 32 
kva 33 
pf 1.0 


Immediately there are some anomalies here: 

a) A three-phase motor drawing 68 amps at a line voltage 
of 479 volts would be drawing P = V x A x pf x A3 = 
479 x 68 x 1 x 1.732 = 56KW. Where did the 32 KW 
come from?? 32 = 479 x 68 x 0.98. (line voltage times 
current times power factor). 
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b) The KVA drawn by a three phase load is equal to V x 
A x A3. In this case, the KVA demand would be 479 x 
68 x 1.732 = 56KVA, not 33 KVA as quoted. 

c) Induction motors never have a power factor of 1.0. 
Even very large and very efficient motors do not very 
often exceed 0.95 power factor. 


With energy saving device fitted 


volt 460 
amp 68.8 
kw 31 
kva 32 
pf 0.99 


a) The power cannot be calculated but would probably be 
as high as without the energy saving device. In fact it 
would probably be higher due to the losses within the 
energy saver and the increase in 12R losses in the motor. 
The power quoted in this example appears to have been 
calculated on the basis of output current times output 
voltage times pf. (460 x 68.8 x 0.99 = 31.1KW). If we 
were to accept this calculation, then the power into the 
energy saver must be line volts times line current times 
pf, = 479.9 x 68.8 x 0.99 = 32.7KW. This would be 
what the consumer was paying for as the supply meter- 
ing is on the input side of the energy saver, and the net 
result is that the consumer is paying for more!! If we 
continue on the assumption that the measurements and 
calculations are, in fact, valid, then the energy saver is 
dissipating 32.7KW - 31.1KW = 1.6KW and will there- 
fore be operating at a very high temperature. I expect 
that if measurements were made in this installation, 
there would, in fact, be a net loss rather than a gain in 
overall efficiency. 

b) Likewise, the KVA will be a little higher than before, 
479 x 68.8 x 1.732 = 57KVA. 

c) The energy saver should work to improve the power 
factor, not reduce it. If the power factor reduced, the 
energy saving device, (provided it was working correct- 
ly) would reduce the voltage further until the power 
factor rose again. 

These results have definitely not been made with the cor- 
rect instrumentation, or the instrumentation has not been used/ 
interpreted correctly. It is obvious that some of these figures are 
not measured results, but would appear to be incorrectly calcu- 
lated. I suspect that perhaps the voltage and current readings 
could be true representations of the installation, but the KW, 
KVA and pf with and without the energy saver can not be cor- 
rect. 

A second quoted example is for a 10 ton roof top air con- 
ditioner. 

Tests quoted were: 


Without energy saving device 


volt 485 
amp 31.2 
kw 24.8 
pf 0.95 


The quoted kw would appear correct based on the quoted 
voltage, current and power factor. 


With energy saving device fitted 


volt 430 
amp 26.4 
kw 17.8 
pf 0.91 


a) The quoted power 1s equal to the calculated value based 
on a calculation using the reduced output voltage. This 
could not be a measured value, as a measured value 
would certainly not reduce by this amount. As 
described earlier, the metering is not affected by the 
reduced output voltage. 

b) The quoted power factor has dropped from 0.95 to 
0.91. This is contrary to the basic operation of the 
device. The power factor should improve when the 
energy saver 1s used. 

c) With a power factor of 0.95 initially, there would not be 
a drop in current with a falling voltage. As the majority 
of the KW load is shaft load, a drop in voltage will 
result in an increase in supply current. If we assumed 
that in this case we were using an inefficient motor at 
say 80% efficiency, then we would have a shaft load of 
24.80 x 0.80 = 19.84 kw. The shaft load portion of the 
current at 485 volts would be 23.617 amps per phase. If 
the voltage was now reduced to the quoted 430 volts, 
then the shaft load KW remains constant and the shaft 
load current would rise to 19.84 / 430 / A3 = 26.6 amps 
which is slightly above the quoted current at the reduced 
voltage. As there would still be magnetizing current, 
copper loss current and iron loss current, it would 
appear that these figures are also fictitious. 

These are only a couple of randomly selected examples. 

Another supplier quotes “in typical applications, levels of 

utilization are approximately 50% with power wastage estimated 
to be between 40% and 80% of the motor full load rating”. — 
“Unfortunately, motors have no way of intelligently adjusting the 
amount of electricity they draw in relation to the work they do.” 
The implication is that the motor is inherently very inefficient at 
less than full load, but this is not what the motor manufacturers 
show in their data sheets. This supplier also “delivers a speedy 
payback — normally less than two years”.??? 


5. PAY BACK PERIODS 


In the right applications, with the right motors, there will 
be some energy saved. In many such situations, the energy saved 
would be increased by altering the operation of the machine to 
spend less time idling. To calculate the payback period, it is 
essential to have an accurate measurement of the actual energy 
(KW) being saved. When the energy saved is known and veri- 
fied, then this can be multiplied by the cost of the energy per 
kilowatt hour to give a cost saving per hour. Dividing the savings 
per kilowatt hour into the installed cost of the energy saver will 
give the required number of operating hours to give a payback. 

For example, a small punch press operated by a 1.1 KW 
motor, could save as much as 300 Watts per hour, depending on 
the design of the fitted motor. If the cost of energy is 14 cents per 
KWH, then at a 40 hour week operation this would amount to a 
cost saving of $1.68 per week. To achieve a pay back period of 
two years, this would require a maximum installed cost of 
$168.00. Prices quoted recently by one supplier would put the 
cost of the unit at $3,633.83, or a payback period of 43.2 years! 
or a return on investment of 2.3 percent per annum! With a larg- 
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er motor, perhaps 22 KW operating a granulator which runs con- 
tinuously, and spends 90% of its time unloaded, the potential 
savings could be as much as 1.1 KW per hour during the off load 
period, amounting to 40 x 1.1 x 0.9 = 39.6 KWH per week. At 
14 cents per kWh, this would amount to a savings of $5.54 per 
week. To achieve a payback of two years, this would require a 
maximum installed cost of $554.40. A quoted price of $4919.07 
would yield a payback period of 17.7 years, or a return on invest- 
ment of 5.6%. A greater saving would be made by switching the 
machine off and only operating it on demand. Turning the 
machine OFF during its off load time could save 2.5 KW per 
hour which amounts to a saving of $12.60 per week or $630 per 
year, which is much higher than that achieved by using an energy 
saver. 

In many industrial environments, the cost per KWH would 
be less than the 14 cents used in the equations, and therefore pay- 
back periods would be greater, or installed costs must be less 
than the examples above. 

If we take a typical 75 Kw 2 pole motor, and operate it in 
its most inefficient state, (open shaft) then we could achieve a 1.5 
KW saving. At 14 cents per KWh, this would amount to a saving 
of $420 per year if the motor runs for 40 hours per week. To 
achieve a payback of two years in this situation, the installed cost 
of the energy saver would need to be less than $840. In reality, with 
loads of this size connected, the energy cost would be lower, and 
the machine would not spend 100% time at idle, so the energy 
saved would be less and the payback period would be much 
longer. The cost of a unit to operate on a motor of this size would 
be a lot more expensive than this also. In this case using the fig- 
ures quoted, the payback period would be 25.9 years. 


CONCLUSIONS 


There is no doubt that the basic technology of reducing the 
voltage on a motor which is operating at less than maximum effi- 
ciency can result in a reduction of the iron loss of the motor. In a 
case where the motor has a very high magnetizing current and it 
is Operating at essentially open shaft conditions, there can be a 
reduction in copper loss also. In practice, with a partially loaded 
motor, a reduction in the voltage applied to the motor will reduce 
the iron loss, but the corresponding increase in the load current 
can cause an increase in copper loss that is greater than the reduc- 
tion in the iron loss, resulting in a net increase in motor losses. 

Worthwhile power savings are only achievable where the 
iron loss is an appreciable portion of the total power consumed by 
the motor, and where the amount of the iron loss is significant rel- 
ative to the motor rating. This technology only achieves useful 
results on small, inefficient and predominantly single-phase 
motors. 

Unfortunately, once again we have examples where a lack 
of knowledge about basic motor characteristics and a poor 
understanding of power metering on three-phase systems have 
resulted in extrapolations and estimations which totally misrep- 
resent the achievable results from the application of this technology. 
Only energy that is being wasted can be saved. Large motors do 
have a much higher efficiency than small motors, and this basic 
fact seems to be missed in creating examples of potential energy 
savings. Proper tests would demonstrate that energy savings per 
kw motor rating are much higher for small motors than large, and 
the potential market for this technology is really confined to the 
small single-phase applications. I can find no evidence of a tech- 
nological advancement which can result in increased energy sav- 


ings over and above the energy wasted by the motor. According to 
current laws of physics, this would be considered an impossibility. 

Worked examples based on energy costs, motor losses and 

quoted energy saver pricing yield payback periods in the 10 to 40 
year range, nowhere near the quoted figures of less than two 
years! In many cases, the return on investment is well below 
standard bank interest rates. To borrow the money to purchase 
the equipment would be a loss situation. Putting the cash into a 
savings account would be a higher yielding investment than the 
purchase of some of these energy saving devices. 

In summary, I would like to note the following points: 

The basic concept of reducing the voltage on induction 

motors operating at less than full load, and thereby reducing the 
energy consumed, works provided that several constraints are 
applied. 

a) The motor efficiency can only be improved when it has 
dropped considerably below the maximum efficiency 
for that motor. 

b) As the maximum energy that can be saved is a portion 
of the iron loss, the best savings are going to be on 
motors with a very high iron loss. Typically, these will 
be small motors, operating above their design voltage, 
or below their design frequency. 

c) Where payback periods are a consideration, the savings 
need to be related, not to the power consumed while the 
unit is running, but to the power saved relative to the 
cost of the unit, which is dependent on the motor rating. 

d) Tests need to be carried out using rotating disk kWh 
meters, and care must be taken that the operating con- 
ditions are the same with and without the energy saver 
connected. Tests under open shaft conditions yield a 
high percentage saving, but the actual savings in kWh 
is indicative of the maximum dollar saving that can be 
achieved with that motor. As the load increases, the kWh 
savings will reduce, as will the percentage energy sav- 
ings. 

e) In many situations where energy savings can be made, 
greater energy savings can be achieved by either alter- 
ing the operation of the machine to minimize the time 
operating at idle, or replacing the motor with a more 
efficient motor. This can yield an improved payback 
period relative to the use of an energy saving device. 

f) Partially loaded motors fitted with energy saving devices 
can dissipate more energy than without the energy saving 
device. 

g) Experience gained with this type of technology indicated 
that there was no significant improvement to be made 
on motors operating with a power factor greater than 0.4. 

h) Experience has shown that the best results are on small 
single phase motors operating continuously and pre- 
dominantly under no load conditions. Small motors 
operating at a voltage well above their design voltage 
(i.e. 440 Volt motor operating on 485 Volt) will exhibit a 
much higher iron loss and therefore achieve much 
increased savings. 

1) Real payback periods of less than two years are rare, 
requiring a very good application, a very lossy motor 
and a very cheap energy saver. 
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SOLUTION TO HARMONICS, CAPACITOR, DE-TUNED 
CAPACITOR & FILTER BANK PRODUCTS 


Courtesy ABB Inc. 


THE HARMONIC PROBLEM... 


Harmonic distortion and related problems in electrical 
power systems are becoming more and more prevalent in electri- 
cal distribution systems!! 


PROBLEMS CREATED BY HARMONICS 


e Excessive heating and failure of capacitors, capacitor 
fuses, transformers, motors, fluorescent lighting ballasts, 
etc. 

e Nuisance tripping of circuit breaker or blown fuses 

e Presence of the third harmonic & multiples of the third 
harmonic in neutral grounding systems may require the 
de-rating of neutral conductors 

e Noise from harmonics that lead to erroneous operation 
of control system components 

e Damage to sensitive electronic equipment 

e Electronic communications interference 

Any device with non-linear operating characteristics can 

produce harmonics in your power system. If you are currently 
using equipment that can cause harmonics or have experienced 
harmonic related problems, capacitor reactor or filter bank 
equipment may be the solution. The following is a discussion of 
harmonics; the characteristics of the problem; and a discussion 
of our solution. 


ORIGINS OF HARMONIC DISTORTION 


The ever increasing demand of industry and commerce 
for stability, adjust-ability and accuracy of control in electrical 
equipment led to the development of relatively low cost power 
diodes, thyristor, SCRs and other power semiconductors. Now 
used widely in rectifier circuits for UPS systems, static convert- 
ers and AC & DC motor control, these modern devices replace 
the mercury arc rectifiers of earlier years and create new and 
challenging conditions for the power engineer of today. 

Although solid state devices, such as the thyristor, have 
brought significant improvements in control designs and efficiency, 
they have the disadvantage of producing harmonic currents. 

Harmonic currents can cause a disturbance on the supply 
network and adversely affect the operation of other electrical 
equipment including power factor correction capacitors. 

We are concentrating our discussions on harmonic current 
sources associated with solid state power electronics, but there 
are actually many other sources of harmonic currents. These 
sources can be grouped into three main areas: 

1. Power electronic equipment: Variable speed drives (AC 
VFDs, DC drives, PWM drives, etc.); UPS systems, 
rectifiers, switch mode power supplies, static convert- 
ers, thyristor systems, diode bridges, SCR controlled 
induction furnaces and SCR controlled systems. 

2. Arcing equipment: Arc furnaces, welders, lighting (mer- 
cury vapor, fluorescent) 


3. Saturable devices: Transformers, motors, generators, 
etc. The harmonic amplitudes on these devices are usually 
insignificant compared to power electronic and arcing 
equipment, unless saturation occurs. 


WAVEFORM 


Harmonics are sinusoidal waves that are integral multiples 
of the fundamental 60 Hz waveform (1.e., 1st harmonic = 60 Hz; 
Sth harmonic = 300 Hz). All complex waveforms can be resolved 
into a series of sinusoidal waves of various frequencies, therefore 
any complex waveform is the sum of a number of odd or even 
harmonics of lesser or greater value. Harmonics are continuous 
(steady state) disturbances or distortions on the electrical net- 
work and are a completely different subject or problem from line 
spikes, surges, sags, impulses, etc., which are categorized as 
transient disturbances. Transient problems are usually solved by 
installing suppression or isolation devices such as surge capaci- 
tors, isolation transformers or MOVs These devices will help 
solve the transient problems but will not affect the mitigation of 
low order harmonics or solve harmonic resonance problems. 
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HARMONIC CONTENT 


Thyristor and SCR converters are usually referred to by 
the number of DC current pulses they produce each cycle. The 
most commonly used are 6 pulse and 12 pulse. 

There are many factors that can influence the harmonic 
content but typical harmonic currents, shown as a percentage of 
the fundamental current, are given in the following table. Other 
harmonics will always be present to some degree, but for practi- 
cal reasons, they have been 1gnored. 
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HARMONIC OVERLOADING OF CAPACITORS 


The impedance of a circuit dictates the current flow in that 
circuit. As the supply impedance is generally considered to be 
inductive, the network impedance increases with frequency while 
the impedance of a capacitor decreases. This causes a greater 
proportion of the currents circulating at frequencies above the 
fundamental supply frequency to be absorbed by the capacitor, 
and all equipment associated with the capacitor. 

In certain circumstances, harmonic currents can exceed the 
value of the fundamental (60 Hz) capacitor current. These harmon- 
ic problems can also cause an increased voltage across the dielec- 
tric of the capacitor which could exceed the maximum voltage rat- 
ing of the capacitor, resulting in premature capacitor failure. 


HARMONIC RESONANCE 


The circuit or selective resonant frequency is reached 
when the capacitor reactance and the supply reactance are equal. 

Whenever power factor correction capacitors are applied 
to a distribution network which combines capacitance and induc- 
tance, there will always be a frequency at which the capacitors 
are in parallel resonance with the supply. If this condition occurs 
on, or close to, one of the harmonics generated by solid state con- 
trol equipment, then large harmonic currents can circulate 
between the supply network and the capacitor equipment. These 
currents are limited only by the damping resistance in the circuit. 
Such currents will add to the harmonic voltage disturbance in the 
network causing an increased voltage distortion. This results in a 
higher voltage across the capacitor and excessive current through 
all capacitor components. Resonance can occur on any frequen- 
cy but, in general, the resonance we are concerned with is on, or 
close to, the Sth, 7th, 11th and 13th harmonics for 6 pulse sys- 
tems. 
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AVOIDING RESONANCE 


There are a number of ways to avoid resonance when 
installing capacitors. In larger systems it may be possible to 
install them in a part of the system that will not result in a parallel 
resonance with the supply. Varying the kvar output rating of the 
capacitor bank will alter the resonant frequency. With capacitor 
switching there will be a different resonant frequency for each step. 

Changing the number of switching steps may avoid reso- 
nance at each step of switching. 


OVERCOMING RESONANCE 


If resonance cannot be avoided, an alternative solution is 
required. A reactor must be connected in series with each capacitor 
such that the capacitor/reactor combination is inductive at the 
critical frequencies but capacitive at the fundamental frequency. 
To achieve this, the capacitor and series connected reactor must 
have a tuning frequency below the lowest critical order of har- 
monic, which is usually the 5th. This means the tuning frequency 
is in the range of 175 Hz to 270 Hz, although the actual frequency 
will depend upon the magnitude and order of the harmonic cur- 
rents present. 

The addition of a reactor in the capacitor circuit increases 
the fundamental voltage across the capacitor. Therefore, care 
should be taken when adding reactors to existing capacitors. 
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Detuned Capaccio Reactor Systems 


REDUCTION OF HARMONIC DISTORTION 


Harmonic currents can be significantly reduced in an elec- 
trical system by using a harmonic filter. 

In 1ts basic form, a filter consists of a capacitor connected 
in series with a reactor tuned to a specific harmonic frequency. In 
theory, the impedance of the filter 1s zero at the tuning frequen- 
cy; therefore, the har- 
monic current is 
absorbed by the filter. | | 
This, together with vise 
the natural resistance i 
of the circuit, means 
that only a small level 
of harmonic current 
will flow in the net- 
work. 


High Voallage 
Network 


Low Foñapa 
Network 


n ” tt - Ë + 4 


Motor | Matar | i | Capaciión 
Loads) |, Loads i 
y ; Harmoni 
rar led 


Electric Motors and Variable Frequency Drives Handbook - Vol. 4 


TYPES OF FILTERS 


The effectiveness of any filter design depends on the reac- 
tive output of the filter, tuning accuracy and the impedance of the 
network at the point of connection. 

Harmonics below the filter tuning frequency will be 
amplified. The filter design is important to ensure that distortion 
is not amplified to unacceptable levels. Where there are several 
harmonics present, a filter may reduce some harmonics while 
increasing others. A filter for the 7th harmonic creates a parallel 
resonance in the vicinity of the 5th harmonic with magnification 
of the existing 5th harmonic; therefore, a 7th harmonic filter 
requires a 5th harmonic filter. Consequently, it is often necessary 
to use a multiple filter design where each filter is tuned to a dif- 
ferent frequency. Experience is extremely important in the 
design of such filters to ensure: 

a) the most efficient and cost effective solution is selected; 

b) no adverse interaction between the system and the filter. 


LOAD ALTERATION 


Whenever load expansion is considered, the network is 
likely to change and existing filter equipment should be evaluated 
in conjunction with the new load condition. It 1s not recommend- 
ed to have two or more filters tuned to the same frequency con- 
nected on the same distribution system. Slight tuning differences 
may cause one filter to take a much larger share of the harmonic 
distortion. Or, it may cause amplification of the harmonic order 
which the equipment has been designed to reduce. When there is 
a need to vary the power factor correction component of a har- 
monic filter, careful consideration of all load parameters is nec- 
essary. 


HARMONIC ANALYSIS 


The first step in solving harmonic related problems is to 
perform an analysis to determine the specific needs of your elec- 
trical distribution system. To determine capacitor and filter 
requirements, it is necessary to establish the impedance of the 
supply network and the value of each harmonic current. 
Capacitor, reactor and filter bank equipment are then specified 
under very detailed and stringent computer analysis to meet your 
needs. 
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AC DRIVE MOTORS - INFLUENCE OF DRIVE ON 
ACOUSTICAL NOISE 


ABB Industrial Systems, Inc. 


1. INTRODUCTION 
DRIVE CONTRIBUTION TO ACOUSTICAL NOISE 


The output voltage waveform of an adjustable frequency 
drive 1s not a sine wave but a series of square wave voltage pulses 
that result in a reasonable approximation of a sine wave current. 
Although there is an extensive history of successful use of stan- 
dard motors on this waveform, the possible effects of the wave- 
form should be carefully considered. One effect is the generation 
of acoustical noise in addition to the noise ordinarily produced 
by an AC motor. This technical guide explains this phenomenon 
and gives recommendations on minimizing noise when using 
ABB adjustable frequency drives. 


USING THIS GUIDE 


This guide has been designed to provide an understanding 
of the characteristics of adjustable frequency drives as related to 
acoustical noise produced by the motors used with them. The 
background discussion leads to recommendations for selecting 
and applying drives and motors to limit motor noise to an accept- 
able level. 


2. PWM ADJUSTABLE FREQUENCY DRIVES 


ABB adjustable frequency drives and most other AC 
drives that are available today are Pulse Width Modulated 
(PWM) drives. Figure 1 illustrates the basic principles of PWM 
drives. The rectifier converts input line power, which has a nom- 
inally fixed voltage and frequency to fixed voltage DC power. A 
filter then reduces the ripple voltage resulting from the rectifica- 
tion of the AC line. The inverter changes the fixed voltage DC 
power to ac output power of an adjustable voltage and frequency. 

The output waveform consists of a series of rectangular 
voltage pulses with a fixed height and adjustable width. 
Adjusting the overall pattern of positive vs. negative pulses 
establishes the output frequency. The width of the individual 
pulses is varied so that the effective voltage is regulated in pro- 
portion to the frequency. Proper motor performance requires an 
essentially constant ratio of output voltage to output frequency 
(volts per hertz or V/Hz). 

The characteristics and effects of adjustable frequency 
waveforms are often analyzed using Fourier analysis. The basic 
principle of Fourier analysis is that any periodic waveform is 
equivalent to the sum of an infinite series of variable amplitude 
sine waves with frequencies which are integral multiples of the 
fundamental frequency. These sine wave component parts are 
called harmonics. 

One cycle of the output waveform at a given output voltage 
can be made from many narrow pulses or fewer wider pulses. To 
generate a waveform containing more pulses, the switching 
devices in the inverter must switch more often. The rate at which 


the switches operate is called the switching frequency or carrier 
frequency. 





Equipment 4 Waveform g Operation 
Ac | | 
i I Line Voltage 
Line 
l | 
i | | 
| | 
| | 
AF 
Drive 
| 
l 
i F 
AC 
Motor 





Figure 1. Principles of Operation for ABB Adjustable Frequency Drives 


3. ACOUSTICAL NOISE PRODUCED BY MOTORS 


Regardless of power source, all AC motors produce a signif- 
icant level of acoustical noise during normal operation. The predom- 
inant sound is the sound produced by the air that is forced through 
the motor or over its surface to cool the motor. In addition, noise 
results from the small amount of vibration caused by the normal 
electromagnetic and mechanical forces inside the motor. 

The harmonic voltages that are present in the PWM wave- 
form produce harmonic currents in the stator of the motor. The 
magnetic fields produced by the harmonic currents can cause 
vibrations in the mechanical structure of the motor stator. This 
effect is more significant if the frequency of the harmonic cur- 
rents corresponds to the mechanical resonant frequency of some 
part of the motor. The most noticeable effect of these vibrations 
is the resulting sound, which has a pitch equivalent to the harmonic 
frequency. 
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The primary concern is the effect of noise on the comfort 
and safety of personnel. If the sound level in a work area is near 
the upper limit for personnel safety, the effect of adjustable fre- 
quency power on a motor might push the sound level over the 
limit, but this is not a common problem. A more common problem 
is the disturbance of a relatively quiet office area by a minor 
change in background noise due to the sound produced by an 
adjustable frequency driven motor. There may be some concern 
that the motor may be damaged by the vibrations producing the 
sound. This should not be a concern. These vibrations occur at 
frequencies where only a tiny vibration amplitude can produce a 
noticeable sound. There have been a few reports of mechanical 
damage to winding insulation due to vibration of winding coils 
that were not well secured, but such problems have been very rare. 


4. RECOMMENDATIONS 


If, when operating on 60 Hz sine wave power, the acousti- 
cal noise produced by the motor is at least 3 dB below the max- 
imum acceptable level, some combination of the following 
measures will usually limit the noise to the acceptable level when 
the motor is connected to an ABB adjustable frequency drive. 
These measures are presented in order of usual preference. 

Every motor reacts differently with respect to acoustical 
noise produced by a particular waveform. Two motors of the 
same design and rating from the same manufacturer have been 
known to produce significantly different noise levels under iden- 
tical operating conditions due to subtle variations in motor man- 
ufacturing. Therefore, it is not possible to accurately predict 
noise level for any given motor. 


USE GOOD QUALITY, HIGH EFFICIENCY MOTORS 


Motors that are well designed and constructed are generally 
less susceptible to the effects of PWM waveforms. High efficiency 
motors are designed to operate at a lower magnetic flux density, 
resulting in quieter operation. 


OPERATE AT REDUCED V/HZ 


Reduced V/Hz operation can be employed in variable torque 
applications. These are applications where the required torque is 
proportional to the square of speed such as centrifugal pumps, fans 
or centrifugal compressors. By reducing the V/Hz at lower speeds 
where less torque is required, the motor is allowed to run at a 
reduced magnetic flux density resulting in quieter operation. 


OPERATE AT THE OPTIMUM SWITCHING FREQUENCY 


There are three ways in which adjusting the switching fre- 

quency may reduce the level of sound produced by the motor. 

1) If the switching frequency or some harmonic of the 
switching frequency corresponds to a mechanical reso- 
nant frequency of the motor, it may be possible to reduce 
the noise level by raising or lowering the switching fre- 
quency to avoid the resonant point. 

2) As the frequency of sound increases above 2000 Hz, 
more sound power is required to produce a given level of 
loudness as sensed by the human ear or by a sound level 
meter that is calibrated in dBA. Therefore, increasing the 
switching frequency, and thus the sound produced by the 
motor, may reduce the level of sound perceived. 


3) Because the motor is an inductive load, it represents a 
higher impedance for harmonic voltages at higher fre- 
quencies. As a result, harmonic currents are reduced by 
raising the switching frequency. Reducing harmonic 
currents usually also reduces the noise level. 

Although increasing the switching frequency usually 
reduces the noise produced by the motor, increasing the switching 
frequency also has a disadvantage. Every time a switching device 
switches on or off, power is lost in the process. When the switch- 
ing frequency is increased, the switching devices are switched 
more often causing an increase in power losses. Increased power 
losses mean increased operating temperature and reduced effi- 
ciency. 

Caution: Before increasing the switching frequency above 
the factory setting, consult the instruction manual and check with 
ABB to insure that, based on the ambient temperature and output 
currents present, safe operating limits will not be exceeded. 

To minimize operating frequency and maximize efficiency, 
it is best to set the switching frequency at the lowest setting at which 
the sound level is acceptable. 

This optimal switching frequency adjustment must be 
performed under actual service conditions for each individual 
motor. Note: Some models may not have a switching frequency 
adjustment. 


USE THE CRITICAL FREQUENCY AVOIDANCE ADJUSTMENT 


If the motor produces unacceptable noise only at a few 
specific operating speeds, the “Critical Frequency Avoidance” 
adjustments can possibly be set to prevent the drive from operat- 
ing at specific speeds where problems are observed. In many 
applications, the drive can be “locked out” of a few narrow bands 
of the operating speed range without significantly limiting the 
overall process performance. 


5 SUMMARY 


This technical guide has described the influence of 
adjustable frequency operation on the sound produced by AC 
motors and recommended measures to limit the noise to an accept- 
able level. Following are some important points to remember: 

e Regardless of power source, all AC motors produce a 
significant level of acoustical noise during normal oper- 
ation. 

e The harmonic content of the PWM drive output wave- 
form causes additional noise at a pitch that is related to 
the harmonic frequency. 

e In some installations, a motor may produce an objec- 
tionable level or frequency of noise when operating on 
PWM drive power. 

e It is not possible to accurately predict the total noise 
level for any given motor. 

e It is usually possible to limit the noise to an acceptable 
level by applying one or more of the following measures: 

e Use a good quality motor of high efficiency design. 

e Use reduced V/Hz operation in variable torque applications. 

e Operate at the optimum switching frequency. 

e Use the critical frequency avoidance adjustment. 
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BUYING AN ENERGY-EFFICIENT ELECTRIC MOTOR 


U.S. Department of Energy 


Efficiency is an important factor to consider when buying 
or rewinding an electric motor. This fact sheet shows you how to 
obtain the most efficient motor at the lowest price and avoid 
common problems. It answers the following frequently asked 
questions: 

1. Why is improving motor efficiency important? 

2. What is an energy-efficient motor? 

3. What efficiency values should I use when comparing 
motors? 

4. When should I consider buying an energy-efficient 
motor? 

5. When is an energy-efficient motor cost effective? 

6. Should I rewind a failed motor? 

7. What design factors should I consider when choosing 
a new motor? 

8. How should I begin a motor efficiency improvement 
program? 

9. How can I obtain motor prices and efficiency values? 

10. Where can I find additional information? 


1. WHY IS IMPROVING MOTOR EFFICIENCY IMPORTANT? 


Over half of all electrical energy consumed in the United 
States is used by electric motors. Improving the efficiency of 
electric motors and the equipment they drive can save energy, 
reduce operating costs, and improve the nation’s productivity. 

Energy efficiency should be a major consideration when 
you purchase or rewind a motor. 

The annual energy cost of running a motor is usually many 
times greater than its initial purchase price. For example, even at 
the relatively low energy rate of $0.04/kWh, a typical 20-horse- 
power (hp) continuously running motor uses almost $6,000 worth 
of electricity annually, about six times its initial purchase price. 


2. WHAT IS AN ENERGY-EFFICIENT MOTOR? 


Motor efficiency is the ratio of mechanical power output 
to the electrical power input, usually expressed as a percentage. 
Considerable variation exists between the performance of standard 
and energy-efficient motors (see Figure 1). Improved design, 
materials, and manufacturing techniques enable energy-efficient 
motors to accomplish more work per unit of electricity consumed. 

Energy-efficient motors offer other benefits. Because they 
are constructed with improved manufacturing techniques and 
superior materials, energy-efficient motors usually have higher 
service factors, longer insulation and bearing lives, lower waste 
heat output, and less vibration, all of which increase reliability. 
Most motor manufacturers offer longer warranties for their most 
efficient models. 

To be considered energy efficient, a motor’s performance 
must equal or exceed the nominal full-load efficiency values pro- 
vided by the National Electrical Manufacturers Association 
(NEMA) in publication MG 1. Specific full-load nominal effi- 


ciency values are provided for each horsepower, enclosure type, 
and speed combination. 

A motor’s performance must equal or exceed the efficiency 
levels given in Table 1 of this fact sheet (reprinted from Table 12- 
10 of NEMA MG-1-1993, Rev. 1) for it to be classified as “energy 
efficient.” 

The Energy Policy Act of 1992 (EPACT) requires that 
most general purpose motors manufactured for sale in the United 
States after October 24, 1997 meet new minimum efficiency 
standards. These standards are identical to the shaded area of 
Table 1. The Act applies to 1- through 200-hp general-purpose, 
T-frame, single-speed, foot-mounted, continuous-rated, polyphase, 
squirrel-cage, induction motors conforming to NEMA designs A 
and B. Covered motors are designed to operate with 230 or 460 
volt power supplies, have open or “closed” (totally enclosed) 
enclosures, and operate at speeds of 1200, 1800, or 3600 rpm. 
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Figure 1. Standard and Energy-Efficient Motor Performances 


3. WHAT EFFICIENCY VALUES SHOULD | USE WHEN 
COMPARING MOTORS? 


When comparing motor efficiencies, be sure to use a con- 
sistent measure of efficiency. Nominal efficiency is best. Nominal 
efficiency is an average value obtained through standardized test- 
ing of a population of motors. 

Minimum guaranteed efficiency, which is based on nominal 
efficiency, is slightly lower to take into account typical population 
variations. Minimum guaranteed efficiency is also less accurate, 
because the value is rounded. Other efficiency ratings, including 
apparent and calculated, should not be used. 

In the United States, the recognized motor efficiency test- 
ing protocol is the Institute of Electrical and Electronics Engineers 
(IEEE ) 112 Method B, which uses a dynamometer to measure 
motor output under load. 
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Different testing methods yielding significantly different cient motors are cost effective when they operate more than 4000 
results are used in other countries. The NEMA nameplate label- hours a year, given a 2-year simple payback criterion. For example, 
ing system for design A and B motors in the 1- to 500-hp range with an energy cost of $0.04/kWh, a single point of efficiency 


uses bands of efficiency values based on IEEE 112 testing. gain for a continuously operating 50-hp motor with a 75% load 
factor saves 4079 kWh, or $163 annually. Thus, an energy-effi- 
4. WHEN SHOULD I CONSIDER BUYING AN ENERGY- cient motor that offers four points of efficiency gain can cost up 
EFFICIENT MOTOR? to $1,304 more than a standard iis 
Energy-efficient motors should be considered in the fol- MOdel and still meet a 2-year sim- Anrisa Vat ot a Due ot EMicaney 
lowing circumstances: ple payback criterion. A utility “tnt 
e For all new installations rebate program would further Horsepower Annu 
e When purchasing equipment packages, such as compres- enhance the benefits of an energy- hie 
sors, HVAC systems, and pumps efficient motor. i i B i 
e When major modifications are made to facilities or Whenever possible, obtain 20 a 
processes actual price quotes from motor ! i 
e Instead of rewinding older, standard efficiency units distributors to calculate simple > 3537 





paybacks. Motors rarely sell at 
full list price. You can typically 
obtain a 20% to 60% discount from vendors, with specific prices 
depending on the distributor's pricing policies, the number and 
type of motors you buy, and fluctuations in the motor market. 


e To replace oversized and under loaded motors 
e As part of a preventive maintenance or energy conserva- 
tion program. 
The cost effectiveness of an energy-efficient motor in a 
specific situation depends on several factors, including motor 
price, efficiency rating, annual hours of use, energy rates, costs 
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of installation and downtime, your firm’s payback criteria, and COMPARISON 
the availability of utility rebates. Check with your utility to deter- The following three techniques can help you determine 
mine whether it can fund a portion of your motor replacement Whether an energy efficient motor is cost effective: 
costs through its energy conservation programs. Question 5 1. Use the MotorMaster or Windows-based MotorMaster+ 
addresses methods for evaluating the cost effectiveness of energy- software program to calculate the dollar savings and 
efficient motors. simple payback from using a more efficient motor, tak- 
ee ing into account motor size, price, efficiency, and annu- 
HELA theeshotw Full Load Morina Elo lane y ales for Breengy Eom Moore tirom MEM A MAC Tabs 12-10) al hours of use, load factor, electricity costs, and utility 
e GADE rebates. MotorMaster can be used to analyze a new 
: nes == motor purchase, rewind of a failed motor, or replace- 
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3. Use Table 3 to determine whether a new energy-effi- 
cient motor will meet common payback criteria. Table 
3, which is based on typical motor efficiencies and 
prices, indicates the minimum number of hours a year 
a motor must be used at various energy prices in order 
to obtain a 2-, 3-, and 4-year simple payback. This tech- 
nique is less accurate than a more detailed analysis. The 
calculation of values for Table 3 assumes that an energy- 
efficient motor has a 15% to 25% price premium with 
no utility rebate, and it ignores other benefits of energy- 
efficient motors. A lower price premium, a rebate pro- 
gram, or reliability benefits make energy-efficient 
motors even more cost effective. 

Choose a new energy-efficient 1- to 100-hp motor if it will 

be used more than the indicated number of hours each year. 


6. SHOULD | REWIND A FAILED MOTOR? 


Although failed motors can usually be rewound, it is often 
worthwhile to replace a damaged motor with a new energy-effi- 
cient model to save energy and improve reliability. When calcu- 
lating operating costs for rewound motors, deduct one efficiency 
point for motors exceeding 40 hp and two points for smaller 
motors. Have motors rewound only at reliable repair shops that 
use low temperature (under 700°F) bake-out ovens, high quality 
materials, and a quality assurance program based on EASA-Q or 
ISO-9000. Ask the repair shop to conduct a core loss or loop test 
as part of their rewind procedures. 

Select a new energy-efficient motor under any of the fol- 
lowing conditions: 

e The motor is less than 40 hp. 

e An energy-efficient motor is recommended according to 

Table 3. 

e The cost of the rewind exceeds 65% of the price of a new 

motor. 

e The motor was rewound before 1980. 
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7. WHAT DESIGN FACTORS SHOULD | CONSIDER WHEN 
CHOOSING A NEW MOTOR? 


Motor Size. Size motors for efficiency. Motors should be 
sized to operate with a load factor between 65% and 100%. The 
common practice of over sizing results in less efficient motor 
operation. For example, a motor operating at a 35% load is less 
efficient than a smaller motor that is matched to the same load 
(see Figure 2). 

Of course, some situations may require over sizing for 
peak loads, but in such cases alternative strategies should be con- 
sidered, such as a correctly sized motor backed up with a pony 
motor. 

Operating Speed. Select replacement energy-efficient 
motors with a comparable full-load speed for centrifugal load 
applications (pumps and fans). Induction motors have an operating 
speed that 1s slightly lower than their rated synchronous speed. 





For example, a motor with a synchronous speed of 1800 rpm will 
typically operate under full load at about 1750 rpm. Operating 
speed (full-load rpm) 1s stamped on motor nameplates. 

The difference between the synchronous speed and the 
operating speed is called slip. Slip varies with load and the par- 
ticular motor model. 

Every pump and fan has a design speed. Centrifugal pump 
and fan loads are extremely sensitive to speed variations; an 
increase of just 5 rpm can significantly affect the pump or fan 
operation, leading to increased flow, reduced efficiency, and 
increased energy consumption. Whenever a pump or fan motor 1s 
replaced, be sure to select a model with a full-load rpm rating 
equal to or less than that of the motor being replaced. 
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Figure 2. Part-Load Motor Efficiency Range 


Inrush Current. Avoid overloading circuits. Energy-effi- 
cient motors feature low electrical resistance and thus exhibit 
higher inrush currents than standard models. The inrush current 
duration is too short to trip thermal protection devices, but ener- 
gy-efficient motors equipped with magnetic circuit protectors 
can sometimes experience nuisance starting trips. 


8. HOW SHOULD | BEGIN A MOTOR EFFICIENCY 
IMPROVEMENT PROGRAM? 


Survey your motors. Gather nameplate informa- 
tion and obtain field measurements (voltage, amperage, 
power factor, operating speed) under typical operating 
conditions. Initially focus on motors that exceed mini- 
mum size and operating duration criteria. Typical selec- 
tion criteria include: 

e Three-phase NEMA design B motor 

e Non-specialty motor 

e 10 to 600 hp 

e At least 2000 hours per year of operation 

e Constant load (not intermittent, cyclic, or fluctuating) 

e Older or rewound standard efficiency motors 

e Fasy access 

e Readable nameplate. 

Conduct motor replacement analyses (with MotorMaster+) 
and divide your motors into the following three categories: 

Replace Immediately — Motors Offering Rapid 
Payback through Energy Savings, Improved Reliability, or 
Utility Rebates. These include motors that run continuously 
(typically 8000 or more hours a year), are currently inefficient 
(including oversized motors), must be reliable, or are covered by 
attractive utility rebate programs. Order an efficient replacement 
motor soon and install it at the next available opportunity, such 
as during a scheduled downtime. 
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Replace at Time of Failure — Motors with Intermediate 
Payback. When these motors fail, you will want to replace them 
with an energy-efficient model. Now is the time to contact motor 
dealers to review the efficiency and prices of available motors. 
After identifying the most cost-effective replacement model, you 
must decide whether to purchase it and keep it on hand as a 
spare, or wait to purchase it until the existing motor fails. This 
choice depends on how quickly an energy-efficient motor can be 
obtained through suppliers, how quickly a failed motor must be 
replaced, and how many motors of the same size and type are 
used in your facility. 

Leave Present Situation as is — Motors with Extended 
Payback. These motors are already reasonably efficient or are 
used less than 2000 hours each year. They can be rewound or 
replaced with a similar motor. 

Motors and drive systems have a long useful life. The cost 
of running a motor may increase significantly in the future. 
Energy efficiency improvements that are not justified today may 
become worthwhile in a few years, so periodically reevaluate 
paybacks and reliability. It is also important to operate your 
motor efficiently. Keep the following two issues in mind: 

Power Quality. Address power quality problems. To 
improve motor reliability and efficiency, it is important to main- 
tain the correct voltage and phase balance, identify and eliminate 
current leaks, and prevent harmonics in the electrical supply. It is 
a good idea to have an electrical engineer review the electrical 
system periodically, especially before installing a new motor or 
after making changes to the system and its loads. Consult the 
manufacturer before installing any motor under conditions of 
poor power quality. 

Periodic Maintenance. It is important to maintain 
motors according to manufacturers’ instructions. Although energy- 
efficient motors with higher temperature-rated insulation may be 
able to handle higher temperatures and other abuse, there is no 
reason to reduce maintenance. Motors should have good ventila- 
tion and be periodically inspected for increased vibration or 
power supply problems. 


9. HOW CAN I OBTAIN MOTOR PRICES AND EFFICIENCY 
VALUES? 


MotorMaster+ software helps you choose the most efficient 
and cost-effective motor for your application. The MotorMaster+ 
database contains performance information and list prices for 
over 13,800 NEMA design B motors, ranging from 1 to 600 hp. 
Full- and part-load efficiencies, power factor, full-load rpm, voltage, 
frame size, service factor, and list price are available for each 
model. You specify the horsepower, speed, enclosure type, and 
operating voltage to obtain a list of available models ranked in 
order of descending full-load efficiency values. 

MotorMaster+ calculates the energy consumption of a 
motor in a specific application, taking into account efficiency rat- 
ings, energy costs, hours of use, and load factor. It calculates the 
load and annual energy efficiency of the existing motor (based 
upon field measurements), demand and dollar savings, and sim- 
ple payback period due to selecting a more efficient motor 
model. Utility rebate values can be incorporated in payback or 
life-cycle cost calculations. 


MotorMaster+ can be obtained by contacting the Motor 
Challenge Information Clearinghouse at (800) 862-2086. You will 
receive disks, telephone support, and users’ manual. MotorMaster+ 
requires an IBM-compatible computer with the capacity to run 
Windows 3.1, Windows for Workgroups, or Windows 95. This 
means a 386 or higher microprocessor, at least 8 MB of memory, 
and a hard disk with at least 15 MB of free disk space. 


10. WHERE CAN | FIND ADDITIONAL INFORMATION? 


The Motor Challenge Program, Washington State University 
Cooperative Extension, and the Bonneville Power Administration 
have prepared a number of publications on motor efficiency topics. 
Examples include: The Motor Challenge Sourcebook, An 
Energy Management Guide for Motor-Driven Systems, the 
Energy Efficient Electric Motor Selection Handbook, the 
Adjustable Speed Drive Applications Guidebook, Optimizing 
Your Motor Drive System, Determining Electric Motor Load 
Factor, and Reducing Power Factor Cost. Call the Motor 
Challenge Clearinghouse for details about ordering these or 
other motor-related documents. 


ABOUT MOTOR CHALLENGE 


Motor Challenge is a partnership program between the 
U.S. Department of Energy and the nation’s industries. The pro- 
gram is committed to increasing the use of industrial energy-effi- 
cient electric motor systems and related technologies. The pro- 
gram is wholly funded by the U.S. Department of Energy and is 
dedicated to helping industry increase its competitive edge, 
while conserving the nation’s energy resources and enhancing 
environmental quality. 

Neither the United States government nor any agency 
thereof, nor any of their employees, makes any warranty, express 
or implied, or assumes any legal liability or responsibility for the 
accuracy, completeness, or usefulness of any information, appa- 
ratus, product or process disclosed, or represents that its use 
would not infringe privately owned right. Reference to any specific 
commercial product, process, or service by trade name, trade- 
mark, manufacturer, or otherwise does not necessarily constitute 
or imply its endorsement, recommendation, or favoring by the 
United States government or any agency thereof. 

The U.S. Department of Energy’s Motor Challenge 
Program would like to thank the Bonneville Power Administration 
for their efforts in producing this document. This publication 
originally was developed and published by the Bonneville Power 
Administration. It has been revised and reproduced by the Motor 
Challenge Program. 


FOR MORE INFORMATION 

Contact the Motor Challenge Information Clearinghouse: 
1-800-862-2086. The Motor Challenge Information Clearinghouse 
is your one-stop resource for objective, reliable, and timely infor- 
mation on electric motor- driven systems. 

Access the Motor Challenge website on the Internet at 
www.motor.doe. gov. 
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MONITORING VARIABLE FREQUENCY DRIVES (VFD) 


By William D. Walden, Ohio Semitronics, Inc. 


Most modern variable frequency drives operate by con- 
verting a three-phase voltage source to DC and use insulated gate 
bipolar transistors IGBTs) to switch the DC voltage on and off 
at typically 3000 to 4000 hertz. Varying the duration or width of 
the individual pulses [pulse width modulation (PWM)] controls 
the effective voltage. To help “shape” the synthesized sine wave, 
intermixed positive and negative pulses are used at lower dis- 
placement of the synthesized sine wave. 


MEASURING THE VOLTAGE 


True RMS measuring transducers and meters will 
read higher than the user expects. The true RMS measuring 
transducer and/or meter are registering the correct RMS 
value of the applied voltage. 

True RMS voltage-measuring transducers manufactured 
by Ohio Semitronics, Inc. and most true RMS measuring meters 
are fast enough to measure the RMS value of the PWM voltage. 
The RMS value of the pulse train is higher than the RMS value 
of the synthesized sine wave. 

Customers ask, “How can I read the correct value of the 
applied voltage?” Well, they are reading the correct value. 
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Figure 1. Voltage and current wave shapes produced by a typical variable frequency drive. 


Lira © Aer 
Carrere 





(i vd 


Figure 2. RMS Calculation of the voltage 


f(v) is the function of the voltage for the RMS calculation. 
In the case of the VFD, the voltage function consists of a series 
of voltage pulses of varying width that are both positive and neg- 
ative. By squaring the pulses ([f(v)]2 ), all pulses (including neg- 
ative swinging pulses interspersed with the positive swinging 
pulses and the positive swinging pulses interspersed with the 
negative swing pulses) contribute to the RMS value. As a result, 
the true RMS or effective voltage produced is higher than expect- 
ed compared to the synthesized sine wave voltage envelope. 


MEASURING THE CURRENT 


Because a motor load is inductive, it filters out the high 
frequency component from the VFD and the current is observed 
as a sine wave with ripple. A true RMS measuring meter or trans- 
ducer measures the effective current used by the motor load. 


MEASURING THE POWER 


Because the synthesized voltage sine wave from the VFD 
may vary from near DC to some nominal AC frequency such as 66 
hertz, power measurement devices must have a response from DC 
to the maximum expected synthesized frequency and must respond 
fast enough to capture the pulse width modulation frequency. 

A properly designed power transducer will multiply the 
individual voltage pulses by the current and average the product 
over a sufficient time period to give a relatively smooth output. 
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Figure 3 is figure 1 again with some comments. 8 is the 
angle by which the current lags the voltage — the power factor 
angle. This is indicative of an inductive load. Note the negative 
voltage pulses occurring while the current is positive.This results 
in negative power flow. Likewise, note the positive voltage puls- 
es occurring while the current is negative. This too results in neg- 
ative power. 

The power measured by the variable frequency power 
transducer reflects the power consumed by the motor developing 
shaft power, resistive losses that are normal with a motor, and the 
additional resistive losses as a result of the pulse width modulated 
voltage. 

As aresult of the latter, an induction motor operating from 
a VFD will run a little hotter. To correct for this, some motor 
manufacturers specify using a reactor between the VFD and 
motor. The reactor is an inductor that will filter out the high fre- 
quency voltage pulses. Measuring the voltage between the reactor 
and the motor will give results closer to what one expects from a 
sine wave voltage. 
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Measuring the power between the reactor and motor elim- 
inates most of the power lost to heat as a result of the voltage 
PWM wave shape and thus more accurately measures shaft power. 


THE TRANSDUCERS VOLTAGE 


Use the OSI model series VT8. This true RMS measuring 
series has a frequency response from DC to 10 kilohertz and can 
handle the basic PWM frequency output of a VFD. 


CURRENT 


For full-scale currents up to 20 amperes, use the OSI 
model series CT8. These true RMS measuring transducers have 
a frequency range of DC through 500 hertz. 

For full-scale current over 20 amperes, use the OSI model 
series CTL hall effect current transducers with the true RMS 
measuring signal conditioners such as the CTA213 for a 0 to 10 
volt DC output or the CTA215 for a 4 to 20 mA DC output. The 
CTL series have a frequency range of O to 1 kilohertz and flat 
response to 5 kilohertz. This is more than adequate to handle 
VFDs. 


POWER 


Use the OSI model series P. This series comes supplied 
with CTL current transducers and is rated for 5 to 500 hertz oper- 
ation. The CTL current transducers have flat frequency response 
from DC to 5 kilohertz. The frequency response of the voltage 
input is essentially flat from DC to 50,000 hertz. The P series is 
designed specifically for monitoring the power output from vari- 
able frequency drives and has a long and successful track record. 
(Note: the CTL current transducers supplied with the P series 
watt transducers cannot be used simultaneously for measuring 
current as the multiplication of voltage and current occurs inside 
these sensors.) 


ADDRESSING THE PROBLEM OF WHAT THE USER REALLY WANTS TO MEASURE 


Variable frequency drives as supplied today may provide a 
voltage output that is a nice clean sine wave or an unfiltered out- 
put with the carrier frequency. Carrier frequencies can range from 
a few kilohertz to as high as 30 kilohertz depending on the man- 
ufacturer. Please check with the manufacturer of the VFD that you 
are using. You should not have any measuring problems if: 

e The VED output is well filtered. 

e There is a reactor between the VFD and your motor. 
Connect your transducers or instruments between the 
reactor and the motor. 

If the output from the VFD is not filtered and a reactor is 
not being used you will, as described earlier, obtain higher than 
expected voltage and power readings. 

These readings are not wrong but they do not reflect the 
work being done by the motor. 


WHAT T0 DO? 


Solution 1 

If the carrier frequency is in the kilohertz range, you 
might try adding a filter before the input to the voltage transduc- 
er and the watt transducer. A couple 0.2 mfd ceramic capacitors 
and a couple 100 ohm resistors wired as a pi network filter may 
work well filtering out the carrier. 


Solution 2 

Another approach is more sophisticated. Ohio Semitronics, 
Inc. builds a semi-custom monitoring package based on DSP 
technology. The firmware in this monitoring package determines 
the zero crossing of the synthesized sine wave and the envelope. 
From this, it is able to calculate all parameters. 


Solution 3 

This solution is a “cop-out” solution but very reasonable. 
If power is the primary concern, measure the power going into 
the VFD. This is considerably less expensive than measuring the 
variable frequency side. The VFD manufacturer should be able 
to give you an efficiency rating for the drive. From this rating and 
the power reading, you can calculate the power output from the 
motor. 
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ONLINE FAULT ANALYSIS OF DC MOTORS 


David L. McKinnon, PAMA Corporation, Member, IEEE 


Abstract — Over the last 20 years, Current Signature Analysis 
(CSA) has become an established tool for online fault analysis 
of AC Induction motors. Presently, very little research has 
been performed using current signature analysis on DC motors. 
This paper is a brief introduction to online fault diagnosis of DC 
motors using current signature analysis. 


I. INTRODUCTION 


This research initiative was undertaken to further develop 
online fault detection of DC motors using current signature 
analysis in both the time and frequency domains. These faults 
include differential current, shorted armature windings, shorted 
field windings, and off magnetic neutral plane brush positions. 
To detect the various faults in DC motors, we must develop a 
methodology to properly differentiate normal operating conditions 
from those of fault operating conditions. The first step is to establish a 
baseline of normal operating conditions. Once a baseline of normal 
operating conditions is established, a method of differentiating 
fault operating characteristics from baseline characteristics must 
be developed. 

The primary differentiating methodology used in our 
study was a visual comparison of fault operating conditions to the 
baseline condition. For our study, a deterministic fault condition 
is considered one in which there is an obvious visual or numerical 
change in either or both the time or frequency domain. Visual 
changes may include variations in the waveforms in the time 
domain or the number of peaks, their amplitude, or their location 
in the frequency domain. For our purposes, numerically deter- 
ministic changes are those that exceed the measurement error 
sensitivity of the equipment in use by more than a specified 
amount beyond the maximum measurement error. For example, 
if the error sensitivity of the equipment is 1% of reading, and the 
specified change is 1%, the minimum fault differential required 
would be 2%. 


ll. DISCUSSION 
A. TURN-TO-TURN SHORT 


Many turn-to-turn or commutator bar-to-bar faults occur 
from carbon dust build up. Carbon dust from the brushes builds 
up on the commutator creating a short between commutator bars. 
To simulate the worst case of this fault condition, two wires that 
terminated on adjacent commutator bars were shorted together 
on the armature of the DC motor. The motor was then run and a 
current signature analysis in both the time and frequency 
domains was performed. 

Figures | and 2 show a comparison of the current signa- 
tures in the time domain of a no fault condition to a turn-to-turn 
short (faulted condition). In the no fault condition, there is no 
modulation of the 120 Hz carrier frequency. In the fault condition 


shown in Figure 2, the waveforms have a modulation of the 120 
Hz carrier of approximately 17 Hz. 
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Figure 2. Turn-to-turn short — full load, full speed, and brushes at zero. 


This fault condition is further noticed in the frequency 
spectrums shown in Figures 3 and 4. The frequency spectrum 
shown in Figure 3 is the no fault condition. Figure 4 shows the 
frequency spectrum of the turn-to-turn fault condition. Notice the 
dramatic increase in the harmonics throughout the spectrum. 
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Figure 4. Turn-to-turn short — full load, full speed, and brushes at zero. 


B. COIL GROUP SHORT 


Figure 5 shows a fault operating condition in which an 
entire coil group is shorted. Notice this increase in modulation as 
compared to the turn-to-turn short shown in Figure 2. 

Figure 6 shows the frequency domain of the coil group 
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Figure 5. Coil group short — full load, full speed, and brushes at zero. 


fault operating condition. There is a significant increase in the 
harmonics throughout the spectrum. 


C. COIL TO COIL SHORT 


Figure 7 shows the time domain of a fault operating condi- 
tion in which two coil groups are shorted together. Notice the 
increase in modulation as compared to the coil group short shown in 
Figure 5. Figure 8 is the Frequency Spectrum produced by this fault. 


D. BRUSH POSITION 


Detecting when the brushes are off the magnetic neutral 
axis can be difficult, especially if the motor is inaccessible dur- 
ing operation. Using voltage analysis in the time domain makes 
the job of properly setting the brushes for the desired load much 
easier. The voltage waveforms in Figure 9 appear to be clean 
(1.e., without noise). When the brushes are off the magnetic neu- 
tral axis, the voltage waveforms in the time domain have a lot of 
hash as shown in Figure 10. 


E. FIELD GROUND 


To detect field winding grounds, the time domain wave- 
form of the line to neutral voltage should be analyzed for anom- 
alies. Under no fault conditions, the field voltage will be of sig- 
nificant amplitude as shown in Figure 11. When there is a field 
ground, the voltage will be very low as shown in Figure 12. 
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Figure 7. Coil to coil short — full load, full speed, and brushes at zero. 
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F BRUSH GROUND 


Brush grounds are very similar to field grounds. To detect 
a grounded brush, analyze the time domain of the line to neutral 
voltage waveform. Under no fault conditions, the field voltage 
will be of significant amplitude as shown in Figure 13. When 
there is a grounded brush, 


G. DIFFERENTIAL CURRENT 


Differential current may be analyzed by comparing two 
current waveforms in the time domain. There are two predomi- 
nant situations where differential current analysis may provide 
insight to fault conditions that may otherwise be overlooked. 
One of these is when two or more cables feed a single terminal 
such as those found in semi-high current situations. Another sit- 
uation differential current analysis may be used is in comparing 
the Al to A2 currents. Situations may occur in which one of the 
main power cables may have bypass current. 

Bypass current may occur from the high frequency switch- 
ing found in DC drives. Differential current may also occur when 
alternate return paths offer a lower impedance than the primary 
feed cables. 

Numerical analysis is the primary methodology used when 
analyzing differential current. The deterministic differential will 
vary according to the application. For our study, we used a 2% 
differential (1% equipment + 1% minimum differential) to com- 
pare two cables feeding a single terminal. One of these cables 
had a resistance inserted into the line to represent a high resist- 
ance connection of one of the cables in a multi-cable situation. 

Figure 15 shows a situation of balanced currents between 
two cables connected to Al terminal. Figure 16 shows a situation 
in which one of the cables connected to A2 terminal has a high 
resistance connected in series to simulate a high resistance con- 
nection. Note the 2.44% differential current met our established 
criteria of at least 2% for a fault condition to be deterministic. 


Figure 8. Coil to coil short — full load, full speed, and brushes at zero. 
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Figure 11. No field ground, tester grounded at drive. 
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Figure 16. High resistance fault condition — 2.44% differential current. 


Ill. SUMMARY 


Our research has shown the use of current and voltage sig- 
nature analysis in both the time and frequency domains may 
provide useful insights to online fault analysis of DC motors. 
Many common faults such as shorted turns or commutator bars, 
grounded windings, and off magnetic neutral axis faults may be 
detected using online current and voltage signature analysis. 
Trending these over time may provide an indication of a develop- 
ing fault in the motor. As with all tests, cross correlation between 
technologies is imperative in the decision making process. 
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Figure 14. No brush ground, tester grounded at the drive. 
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INDUCTION MOTORS: - PROTECTION 


S.E. Zocholl, Schweitzer Engineering Laboratories, Inc. 


THERMAL PROTECTION 


Manufacturers of motor relays have used Resistance 
Thermal Detectors (RTDs) to try to protect motors from thermal 
damage. Unfortunately, the slow response of RTDs reduces their 
value. Users must instead rely on inverse time-phase overcurrent 
elements and a separate negative-sequence overcurrent element 
to detect currents that could lead to overheating. Neither time 
overcurrent protection nor RTDs account for thermal history or 
accurately track the excursions of conductor temperatures. 

An element should be used that accounts for the slip 
dependent I2r heating of both positive- and negative-sequence 
current. The element is a thermal model, defined by motor name- 
plate and thermal limit data. This mathematical model calculates 
the motor temperature in real time. The temperature is then com- 
pared to thermal limit trip and alarm thresholds to prevent over- 
heating from overload, locked rotor, too frequent or prolonged 
starts, or unbalanced current. 

What data defines the thermal model? Full load speed, the 
locked rotor current and torque, and the thermal limit time define 
it. What does torque have to do with the thermal model? 

The [2r heat source and two trip thresholds are identified 
by the motor torque, current, and rotor resistance versus slip 
shown in Figure 1. It shows the distinctive characteristic of the 
induction motor to draw excessively high current until the peak 
torque develops near full speed. Also, the skin effect of the slip 
frequency causes the rotor resistance to exhibit a high locked 
rotor value labeled R1 which decreases to a low running value at 
rated slip labeled RO. 
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Figure 1: Current, Torque, and Rotor Resistance of an Induction Motor Versus Speed 


A typical starting current of six times the rated current and 
a locked rotor resistance R1 of three times the value of RO causes 
the [2r heating to be 62 x 3 or 108 times normal. Consequently, 
an extreme temperature must be tolerated for a limited time to 


start the motor. A high emergency [2t threshold is specified by 
the locked rotor limit during a start, and a second lower threshold 
for the normal running condition is specified by the service 
factor. Therefore, the thermal model requires a trip threshold 
when starting, indicated by the locked rotor thermal limit, and a 
trip threshold when running, indicated by the service factor. 

How is the heating effect of the positive- and negative- 
sequence current determined? The positive-sequence rotor resist- 
ance is plotted in Figure | and is calculated using current I, torque 
QM, and slip S in the following equation: 


Ky An i) 


It is represented by the linear function of slip shown in 
Figure |. The positive-sequence resistance Rr+ is a function of 
the slip S: 


The negative-sequence resistance Rr- is obtained when S 
is replaced with the negative-sequence slip (2-S): 


Factors expressing the heating effect of positive- and neg- 
ative-sequence current are obtained by dividing Equations 36 
and 37 by the running resistance RO. Consequently, for the 
locked rotor case, and where Rl is typically three times RO, the 
heating effect for both positive- and negative sequence current is 
three times that caused by the normal running current. 
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For the running case, the positive-sequence heating factor 
returns to one, and the negative sequence heating factor increases 
to 5: 


ari | 


These factors are the coefficients of the positive and neg- 
ative currents of the heat source in the thermal model. 


STARTING AND RUNNING STATES OF THE THERMAL MODEL 


Because of its torque characteristic, the motor must oper- 
ate in either a high current starting state or be driven to a low cur- 
rent running state by the peak torque occurring at about 2.5 per 
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unit current. The thermal model protects the motor in either state 
by using the trip threshold and heating factors indicated by the 
current magnitude. The two states of the thermal model are 
shown in Figure 2. The thermal model is actually a difference 
equation executed by the microprocessor. However, it can be rep- 
resented by the electrical analog circuit shown in Figure 2. 

In this analogy, the heat source is represented by a current 
generator, the temperature is represented by voltage, and thermal 
resistance and capacitance are represented by electrical resist- 
ance and capacitance. The parameters of the thermal model are 
defined as follows: 


R1 = Locked rotor electrical resistance (per unit ohms) 

RO = Running rotor electrical resistance also rated slip (per unit ohms) 
IL = Locked rotor current in per unit of full load current 

Ta = Locked rotor time with motor initial at ambient 


To = Locked rotor time with motor initially at operating temperature 
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Figure 2. States of the Thermal Model 


The starting state is shown in Figure 2a and is declared 
whenever the current exceeds 2.5 per unit of the rated full load 
current and uses the threshold and heating factors derived for the 
locked rotor case. Thermal resistance is not shown because the 
start calculation assumes adiabatic heating. The running state, 
shown in Figure 2b, is declared when the current falls below 2.5 
per unit current and uses the heating factors derived for the run- 
ning condition. In this state, the trip threshold “cools” exponen- 
tially from a locked rotor threshold to the appropriate threshold 
for the running condition using the motor thermal time constant. 
This emulates the motor temperature which cools to the steady 
state running condition. 

In the model, the thermal limit IL 2Ta represents the 
locked rotor hot spot limit temperature and IL2 (Ta — To) repre- 
sents the operating temperature with full load current. The locked 
rotor time Ta is not usually specified but may be calculated by 
using a hot spot temperature of six times the operating temperature 
in the following relation: 


There are two reasons for using the rotor model in the run- 
ning state. The first is that the rotor model accounts for the heating 
of both the positive- and the negative-sequence current and con- 
serves the thermal history at all times throughout the starting and 
running cycle. The second is that it is an industry practice to pub- 
lish the overload and locked rotor thermal limits as one continuous 
curve as illustrated in Figure 3. Figure 3 is the time-current char- 
acteristic of the thermal 4 model plotted with the motor initially 
at ambient temperature. Despite the difference in input watts and 
thresholds, the characteristics of the running and starting states 
plot as a continuous curve. This condition occurs when the locked 
rotor threshold is set at 0.8 of IL2. Ta and the motor service factor 
is 1.2. 
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Figure 3. Motor Characteristic and Starting Current 


As a final refinement, assigning standard values of 3 and 
1.2 to the ratios R1/RO and Ta/To, respectively, allows the model 
parameters to be determined from five fundamental settings: 


FLA Rted full load motor current in secondary amps 
LRA 


LRT Termal limit time at rated locked rotor current 


Rted locked rotor current in secondary amps 


TD Time dial to trip temperature in per unit of LRT 


SF Motor rated service factor 


The thermal circuit derived in this paper and shown in 
Figure 2 is covered by U.S. Patent No.5,436,784. 


FAULT PROTECTION 


In addition to the thermal element described above, defi- 
nite-time and instantaneous phase and ground elements provide 
protection for faults in the motor leads and internal faults in the 
motor itself. The characteristics of these elements are plotted in 
Figure 3. A definite-time setting of about 6 cycles allows the 
pickup to be set to 1.2 to 1.5 times locked rotor current to avoid 
tripping on the initial Xd" inrush current (shown magnified). The 
instantaneous element is set at twice the locked rotor current for 
fast clearing of high current faults. Similar definite-time and 
instantaneous elements provide for ground fault protection. 
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VFD CABLES 


Wire and Cables Group, Anixter 
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Variable frequency adjustable speed motor drives (VFDs) 
usually employ a method of motor control called PWM (pulse 
width modulation) using semiconductor devices called IGBTs. 
“IGBT” stands for insulated gate bi-polar transistor. VFDs are 
also often referred to as adjustable speed drives (ASDs) or as AC 
(alternating current) drives. AC drives, as opposed to older DC 
(direct current) types, are used for most new installations as well 
as for replacement in many industrial applications. An electrical 
diagram of a typical VFD system is shown. In practice, the 3- 
phase, full wave rectifier and the PWM inverter are usually mount- 
ed within a single metal enclosure. VFD technology reduces the 
size and increases the efficiency of ASDs and, at the same time, 
improves control of the motor’s speed and torque. However, VFD 
technology also has a few undesirable side effects that must be 
managed. 


Three Phase 
Variable Frequency (0-400 Hz) 
AC Voltage 


t 
PWM 
Full Wave i 


Due to the laws of physics, the fast switching speeds of 
the semiconductor devices used in VFDs (see table below) inher- 
ently create EMI (electromagnetic interference) which can be 
radiated by the inverter-to-motor power cable. With today’s 
fastest devices, the electrical energy flowing in the cable contains 
components with frequencies as high as 30 MHz (megahertz). If 
this RF (radio frequency) energy is not contained, the radiated 
energy can interfere with the proper operation of nearby elec- 
tronic equipment. The more electronics in a facility, the greater 
the risk of problems. 

The design of the cable used with VFDs, along with proper 
installation, plays a key role in controlling these side effects. 


Year Device Type Typical Switching 
Time in Microseconds 
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WHAT ARE THE ISSUES? 


About a dozen industry studies have been conducted 
regarding the role that power cables play in the safe and reliable 
operation of VFD systems. In one of the larger studies, extensive 
testing of 150-foot lengths of eight different cable constructions 
was performed on a 50 horsepower VED system installed at a test 
laboratory in Helsinki, Finland.’ In another major study, the mag- 
nitude and effect of reflected waves in the cable were studied 
extensively.’ 

Overall, the studies focused primarily on the following 
VED cable concerns: 

e EMI radiated by the VFD’s inverter-to-motor power 
cable which might interfere with the proper operation of 
other nearby electronic equipment 

e Stray electrical currents which can flow through both the 
drive’s grounding system and the motor’s bearings and 
cause premature bearing failure through a process called 
fluting (see photo). 





e High voltage reflections that can occur with certain drive 
system configurations and that might cause early failure 
of the inverter-to-motor power cable The last item, high 
voltage reflections, has caused a significant number of 
in-service motor failures. These failures have lead to the 
development of motors that are specifically designed for 
use with VFDs. On the other hand, very few cable failures 
have been confirmed but there is concern over possible 
long-term cable damage — especially on VFDs operating 
at 575 volts and above. 


The fast switching speeds of the solid-state (semiconductor) 
devices used in VFDs increase the potential for EMI (electro- 
magnetic interference). The drive’s solid-state electronics generate 
RF energy which can be radiated by the drive’s inverter-to-motor 
power cable and picked up by nearby circuits. This interference 
can cause malfunctions in sensitive electronics. As a result, VFD 
manufacturers usually recommend the use of a shielded power 
cable between the drive electronics and the drive motor to contain 
this RF energy. 
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Fortunately, adequate shielding can be obtained with exist- 
ing cable technology using impervious corrugated aluminum 
armor as the shield. This type of armor is often called “CCW” for 
continuously corrugated and welded. Other shield types such as 
copper tape, copper braid or aluminum/polyester foils can also be 
used with slightly reduced effectiveness. The effectiveness of 
cable shields is typically determined by measuring the transfer 
impedance using NEMA test method WC61.* A cable shield with 
a transfer impedance of less than 100 m_/m (milliohms per 
meter) is generally considered to be a “good” shield and one with 
less than 10 m_/m an “excellent” shield. Impervious corrugated 
aluminum armor typically has transfer impedance in the range of 
1 to 10 m_/m from DC to 30 MHz, the frequency range of interest 
for VED applications. Most other common shield types provide 
a transfer impedance in the range of 10 to 100 m_/m. 


STRAY GROUND CURRENTS 


A second concern is that stray electrical currents in the 
VED’s grounding system may flow though the drive motor’s 
main bearings. It is well known that the flow of electrical current 
through motor bearings in the milliamp range can cause premature 
bearing failure. 

Motor bearing currents can be minimized by using an 
inverter-to-motor power cable with three symmetrically positioned 
grounding conductors in combination with a low impedance shield. 
Such a design minimizes the total current that is induced in the 
grounding system by current flowing in the phase conductors and, 
ultimately, the amount of stray current that flows through the motor 
bearings. 


HIGH VOLTAGE REFLECTIONS 


A third concern is that the high frequencies generated by 
the VFD, coupled with long cable runs between the VFD and the 
drive motor, can result in reflected waves in the cable. 

Reflected waves can produce abnormally high voltages in 
the cable. Peak voltages of up to 2.5 times the nominal system 
voltage have been measured on VFD power cables. 

Because of these high voltage pulses, the use of 2000 volt 
rated cables is recommended on some 600 volt drive systems. 

For most VFDs operating at 480 volts or below, the rec- 
ommended cable rating is 600 volts. However, 575 volt VFDs 
sometimes require a cable with a higher voltage rating, depending 
on cable length and drive switching time. To determine the 
recommended cable voltage rating for a 575 volt drive system, 
refer to the graph below to determine if reflections are possible. 
(If a reactor or a low pass filter is used with the drive, the longer 
switching time resulting from the use of this device can be used.) 
If reflections are possible, a 2000 V rated cable is recommended. 
If not, a 600 V rated cable is usually adequate. If inverter switching 
time or cable length is unknown at the time the cable is specified, 
a conservative approach is to specify a 2000 V rated cable in either 
case. 
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The winner of the sweepstakes for “best overall cable for 
VED applications” is a three conductor, impervious corrugated 
aluminum armor (CCW) cable with three symmetrically posi- 
tioned grounding conductors as illustrated below. (In small sizes 
such as 10, 12, and 14 AWG cables, only one ground wire is 
required because the effect of stray ground currents is small.) 
Southwire’s Armor-X°® cable with three grounds is such a cable 
when installed with appropriate armor fittings in accordance 
with the NEC. Anixter’s catalog numbers for this and other VFD 
cable types are given in Anixter’s VFD cable brochure + 251921. 


PWE Jacket 





One of Three 
Phase Conductors 


Impervious Corugated 


Aluminum Armor'Shield One of Three 


Grounding Conductors 


Notes: 

! “Evaluation of Motor Power Cables for PWM AC Drives” by J. 
M. Bentley and P. J. Link, ABB Industrial Systems Inc., IEEE 
Pulp and Paper Industry Conference, IEEE publication + 0- 
7803-3148-6-5/96, pages 55-69, 


> “Riding the Reflected Wave — IGBT Drive Technology Demands 
New Motor and Cable Considerations” by L. A. Saunders and G. 
L. Skibinski, Allen-Bradley Company; S. T. Evon, Reliance 
Electric; and D. L. Kempkes, Chevron USA Offshore, IEEE 
Petroleum and Chemical Industry Conference, IEEE publication 
# 96-CH35988-6/96/0000-0075, pages 75-84. 


* NEMA WC61, Transfer Impedance Testing, National Electrical 
Manufacturers Association, www.nema.org 


4 NFPA 70, National Electrical Code, National Fire Protection 
Association, www.nfpa.org 
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VFD SYSTEMS AND CABLE 


LAPP USA Inc. 


BACKGROUND 


VED is the acronym for Variable Frequency Drive, which 
has become a very popular method to adjust a motor’s speed. 
Frequency can be defined as an electrical term meaning power 
pulses of voltage and current. In the United States, 60 Hertz, or 
60-power pulse cycles per second, are conducted through most 
wires and cables throughout the country. As the power in the 
United States is alternating current (AC), each of these frequency 
cycles contains one positive and one negative power pulse of 
voltage and current. Increasing the number of power pulses per 
second will make the motor turn faster. Likewise, decreasing the 
number of power pulses per second will make the motor turn 
slower. Therefore, by increasing and decreasing the frequency of 
the power pulses, the drive can adjust the speed of the motor. 
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The components of the drive system are broken into four 
major categories: Source power, VFD, Cable and the Motor. 
Other ancillary components exist such as resolver and encoder 
feedback devices, tachometers, sensors, relays and others that 
help supplement the system. 

The local electrical company provides the source power for 
all electrical equipment and apparatus for operation. The source 
power may go through a transformer to either increase or lower the 
voltage, but the frequency will remain constant at 60 Hertz. 

The function of the drive is to send all power pulses that 
control the motor’s start-up, operating speed, and stopping. The 
three major tasks that a VFD drive has to accomplish prior to 
adjusting a motor’s speed are: 

First, the source power must be converted from Alternating 
Current (AC) to Direct Current (DC). This conversion is accom- 
plished by means of a rectifier; a diode is used for simple rectifying 
and a Silicone Controlled Rectifier (SCR) is used for more intel- 
ligent rectification. The power source that was 600 Volts AC, 60 
Hertz now is converted to 650 Volts DC. This AC to DC conver- 
sion is necessary before the power can be changed back to AC at 
a variable frequency. In short, the power goes from AC to DC 
then back to AC again so it can be used for VED applications. 

Second is a large capacitor, which is known as the DC 
bus. A capacitor can be simply defined as an electronic compo- 
nent that stores energy. The DC bus acts like a storage battery to 
supply DC power to the third part of the drive. 
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The third part of the drive is known as the inverter. An 
inverter converts DC back to AC by utilizing an electronic compo- 
nent known as a Bi-polar transistor. The inverter can be controlled 
to vary the frequency so that the motor receives the correct flow of 
power pulses. This is the advantage of utilizing a Variable 
Frequency Drive. The pulse width modulation (PWM) frequency 
is approximately 20,000 Hertz and offers finer control by only 
varying a few cycles. In contrast at the power source frequency of 
60 Hertz, changing a few cycles only offers a much coarser change 
and will not allow for as close control. 

The VED drive output is basically a flow of AC power 
pulses at a certain frequency that provides or maintains the 
desired speed of a running motor. The motor, through means of 
power supply cables, receives these power pulses. Cables and 
their functions will be discussed later. 

The motor consists of two major parts: the armature 
(rotor) physically turns, and the field (stator) that remains sta- 
tionary. The cables are connected to the stator and, upon the 
application of power, cause an electromagnetic field to rotate. 
This rotating field causes the rotor to follow the moving electro- 
magnetism and turn. 

The stator of the motor is constructed of insulated wire 
that is wound through slots a specific number of times in a 
required pattern. This is the defenseless part of the motor. The 
wire insulation is extremely thin and can get nicked during the 
winding process. These nicks are the bare spots in the wire that 
causes arcing and can lead to motor failure. 


WHAT HAPPENS 


The VFD drive transition from AC to DC then back to 
variable AC is not done cleanly. Power distortions are created by 
the first part of the drive (rectifier) and then sent back through the 
source power system. Power distortions are also created by the 
third part of the drive (inverter) and sent on to the motor. 

Therefore, power distortions are created at both ends of 
the drive causing nonlinear spikes, wave reflections and inrush 
currents. The following will explain these types of phenomena: 

Harmonics, non-linear spikes, and reflections are common 
power distortions. Inrush currents is an additional problem that 
the motor and cable are subjected to. Harmonics are multiples of 
a fundamental frequency. As an example, if the fundamental fre- 
quency is 60 Hertz, the 5th harmonic is 300 Hertz (5x60). Power 
distortions are caused by harmonic frequencies. Some harmonic 
frequencies are “in-phase” with the fundamental frequency and 
rotate in the same direction as the field, except more quickly due 
to the higher harmonic frequency. This condition causes the 
power, both voltage and current of each harmonic to add to the 
voltage and current of the fundamental frequency. Keep in mind 
that the power in the fundamental frequency is all that is needed 
or wanted. The additional power from the harmonic frequencies 
causes overheating, high voltage stress and also confuses electron- 
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ic functions that depend on the fundamental frequency for clock 
or timing functions. The added harmonic power also affects the 
motor and power supply cables. 

As previously mentioned, a higher flow of power pulses 
will cause a motor to run faster. Harmonic frequencies cause a 
motor to fine-tune its adjustments with braking and other heat 
generating reactions. The 7th and 13th harmonics rotate with the 
field, supply additional power pulses and require the brake to 
regulate motor speed. The 5th and 11th harmonics oppose the 
field’s rotation and require additional current (heat) to regulate 
motor speed. The 3rd, 9th, & 15th are triple harmonics which do 
not rotate but are the most in-phase and additive to neutral current 
(heat). The harmonics that are commonly generated by a VFD 
drive are the 5th, 7th 11th, and 13th. 

The definition of non-linear power is that a change in volt- 
age does not generate the same change in current. The motor 
expects a power pulse to be regulated. When the frequency is 
increased, the motor expects the right amount of current to be 
included in the power pulse to sustain the increase in speed. In 
the case of non-linear power, the current does not properly sup- 
port the motors requirements. This distorted current either fights 
or overdoes the change, resulting in high voltage stress and heat. 

A spike is a very quick increase in voltage that occurs for 
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a short time. The inverter in the drive which is a fast switching 
transistor must rise from zero to 650 volts (rectified 460 volt sys- 
tem) and then go back to zero 20,000 times a second. This is a 
very fast rise time. Several things can happen as the inverter is 
switching and conducting the power pulses through the cable to 
the motor. The 650-volt normal voltage can overshoot higher to 
2,000 volts or more. The cable that connects the VFD drive to the 
motor looks electrically different to the power pulse as the length 
increases. The longer the cable length, the greater the increase in 
inductance which, in turn, affects the overshoot of the voltage 
spike. Therefore, a long power supply cable will have greater and 
more intense voltage spikes than a shorter cable. Voltage spikes 
are very quick lasting for only a few millionths of a second. The 
inverter in the drive is called an Insulated Gate Bipolar Transistor 
(IGBT) and is one of the fastest switching inverters in the Pulse 
Width Modulation (PWM) type of variable frequency drives. 
Frequency waves that seem to be standing still are reflec- 
tions and are often called standing waves. As a comparison, this 
would be similar to seeing a spinning wheel that appears to be 
frozen but actually is in motion. At the cable attachment to the 
motor, the standing wave sees a large difference in impedance 
and can be reflected back to the drive. A long power supply cable 
allows for more opportunity for a reflected standing wave to get 
in phase with itself at a certain point in the cable and double the 
voltage and current there. The 650-volt normal voltage now 


becomes 1,300 volts and the current also doubles. At this spot, 
the insulation is severely stressed and will, in time, overheat and 
puncture, causing the cable to fail. 

During motor start-up, inrush currents occur. The motor 
and power supply cable act as a large capacitor that must be 
charged up to the normal operating power level. When a motor is 
first energized, it can draw up to six times its full load running 
power requirements. The cable must be of adequate conductor 
AWG size so there will not be any significant voltage drop. 

When the current in power pulses from a source circuit 
ends up in the power pulses of another circuit, capacitive cou- 
pling takes place. This is caused from a changing electric field in 
the source circuit. The change in voltage, from zero to full and 
back to zero, causes the current to flow and couple from one cop- 
per conductor to another. In short, power pulses from one circuit 
are added to compatible pulses of another circuit that result in 
heat and stress. 


LAPP VFD CABLE 


The Lapp VFD cable is different from ordinary motor 
power supply cable because it can disperse all of the spikes that 
the VFD drives generate. The cable construction starts with a 
unique semiconductive composite insulation applied over the 
conductor. The use of a semi-conductive layer will be discussed 
in later in greater detail. 

The color of the insulation on three conductors is black 
and each conductor is identified with white numbers, the fourth 
conductor is colored green/yellow for purposes of grounding. All 
conductors are rated for 1000 volts and 3000 volts peak. This 
enables the cable to withstand reflections, standing waves, and 
spike voltages that a VFD cable may experience under typical 
conditions of use. Lapp VFD cable is both UL and CSA 
approved and is available in conductor size range from 18 AWG 
up to 2 AWG. Other combination of conductors and different 
AWG sizes can also be made upon request. 

Part of the standard VFD cable design incorporates an 
inner jacket to help provide an additional layer of protection 
between the insulation and braid shield and also lowers the 
Capacitive interaction between the braid and power conductors. 
The inner jacket is also sized to fit an MSSC type shielding con- 
nector for full circumferential 360° grounding of the shield. The 
outer jacket is also flame resistant, has superior resistance to oils 
and helps provide overall optimum cable impact and crush resist- 
ance. A single jacketed version is also available for those appli- 
cations requiring UL and CSA Tray cable approval. 


WHY A SEMI-CONDUCTIVE LAYER? 


The application of a semi-conductive compound over an 
electrical conductor is a process that has been in practice for 
years. Semi-conductive compounds are available both in thermo- 
plastic or thermosetting types to complement the type of insulation 
system that is being used in the cable. As Lapp VFD cables are 
primarily insulated with polyvinylchloride, the semi-conductive 
compound is of a thermoplastic type. 

About a half-century ago, engineers in the cable industry 
became aware that the simple cable design of conductor/insula- 
tion/shield was voltage limited in the aspects of safety and long- 
term trouble free operation. The problem arose from where the 
conductor met the primary layer of insulation and the creation of 
voids that occurred where the insulation did not fully penetrate 
into the small spaces in the outer layer of the stranded conductor. 
This resulted in unwanted corona discharge across these voids 
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which, in turn, led to the quick deterioration of the insulation. 

Another problem was the small diameter of the individual 
wires in the outer conductor layer and their surface irregularities 
which produced points of high electrical stress, again attributing 
to rapid deterioration of the insulation. 

In order to resolve these problems, the use of semi conduc- 
tive compounds as a stress-relieving layer between the conductor 
and primary insulation was introduced. The application of an 
extruded semi-conductive compound provided a rounder and 
smoother continuous layer and also completely filled in all areas 
of the outer layer in the stranded conductor. In short, the extrud- 
ed semi-conductive layer now provided complete and void free 
contact between the conductor and primary insulation. The use 
of extruded semi conducting compounds now alleviated many 
problems of the past and resulted in improved cable reliability, 
extended life, breakdown voltages and corona levels. 

Semi-conductive material extruded over the conductor is 
a very common process used in the high-voltage cable industry 
to help maintain the cable’s overall performance while under 
extreme conditions. Likewise, the application of the semi-con- 
ductive layer over the conductor helps to relieve electrical stress 
that is experienced by the Lapp VFD cable during periods of 
high-voltage spikes. The semi-conductive layer disperses the 
high-voltage spike so that the primary insulation is not damaged. 
Therefore, no degradation to the primary insulation begins and 
the cable remains in operation with no disruption in service. All 
Lapp PVC insulated VFD cables have an extruded thermoplastic 
sem-conducting layer applied directly over the conductor which 
helps to insure long service life and trouble free operation. 

Other cable companies that use semi-conductive insulation 
are involved with the manufacture of high-voltage cables. These 
manufacturers provide cables to customers such as major utilities 
and power companies. Depending upon the manufacturer, these 
companies offer cables that use semi-conductive insulation in 
their designs for cables that are rated for 5,000 to 138,000 Volts. 
Some these High-Voltage cable manufacturers include: 

e The Okonite Company 

e General Cable 

e USA Wire & Cable, Inc. 

e Nexans Energy 

e Kerite 


WHAT IS CORONA? 


Corona is the ionization of the nitrogen in the air caused by 
an intense electrical field. Corona can be detected as a crackling 
or hissing type of audible sound and it also produces light, which 
can be seen by the naked eye in darkness. 


WHY IS CORONA NOT GOOD FOR INSULATION? 


Corona causes ozone and also nitric acid that occurs in the 
presence of moisture in the air and then accumulates as a white or 
dirty powder on the insulator. When the nitric acid accumulates, 
micro arcing occurs, creating carbon tracks across the insulating 
material. 

This can lead to defects in the insulating material over 
time, eventually causing cable failure. 


WHAT IS CORONA INCEPTION VOLTAGE? 


The voltage level at which corona initiates or begins. 


WHAT IS CORONA EXTINCTION VOLTAGE? 


The voltage level at which corona ceases or stops. 
HOW IS CABLE TESTED FOR CORONA? 


One method of testing cable for corona levels is indicated 
by the equipment and procedure below: 

Apparatus Required: 

1. AC Power Supply 

2. Voltage measuring device 

3. Discharge measuring device 

4. Cable sample 


Proper connections are made so that when voltage is 
applied to the cable sample, both voltage and discharge levels 
can be measured. The cable samples tested were 50 ft. in length 
and the threshold used for inception and extinction was 5 Pico 
coulombs. The discharge-measuring device will display corona 
inception and extinction levels occur by means of an oscillo- 
scope. The voltage-measuring device will display the corona 
inception and extinction voltage levels. Voltage is applied gradually 
to the cable sample until the corona inception has been reached, 
then the voltage is gradually reduced until the corona extinction 
has been reached. 


LAPP VFD TESTING 


Several cables were tested at an independent third party 
facility using ICEA T-24-380 as the reference test specification. 
Three 12 AWG four conductor samples were tested as shown 
below: 

Both corona inception and extinction voltage levels were 
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significantly higher for sample 3 when compared to both samples 
1 & 2. Sample 3 used Lapps unique primary insulation construc- 
tion of a semi-conductive thermoplastic layer applied directly 
over the conductor with a PVC insulating covering. In short, the 
higher the corona inception and extinction levels, the better long- 
term protection a cable has to offer when exposed to high-voltage 
conditions that are experienced with VED cables. 


THE PROBLEM WITH CABLE 


Basically, with VFD systems the cable itself is the hardest 
component to check out. A drive has a self-diagnosis program 
and a shorted motor can be easily detected. A voltage spike only 
lasts a few millionth's of a second and is seldom actually recog- 
nized at the time of cable failure. The equipment just drops off 
line. A restart is usually possible if the cable damage is not severe 
enough to prevent system operation. When a cable’s insulation is 
punctured from high-voltage stress, the current then travels 
through the hole in the insulation to the nearest ground path, 
which is usually the braid shield. When the current from a hot 
phase conductor touches a grounded braid, an extreme amount of 
current is created. This is too much current for the shield to carry 
away fast enough, so the braid quickly heats up and burns. The 
braid will burn as long as the current can arc to it. Once the hole 
in the braid is burned big enough, the cable will self heal until the 
next high-voltage stress puncture occurs at a different spot. 


52 Electric Motors and Variable Frequency Drives Handbook - Vol. 4 


Eventually, the arcing that occurs will burn through the 
conductor and the cable damage will be detected by ordinary 
testing. But significant time has been lost from checking the 
motor and the drive. Up until the final failure, the cable may not 
show any defect if it has burned clear and is tested without using 
special cable insulation test apparatus. Once a cable is found to 
have failed, it is another matter to remove, replace and put con- 
nectors on the cable. The Lapp VFD cable’s ability to disperse 
the failure causing spikes will prevent downtime delays that are 
associated with other typical motor power supply cables. 


THE VFD SYSTEMS SOLUTION 


All four parts of the VFD drive system meet some fairly 
rigorous requirements to help insure safety and uninterrupted 
operation. Since 1996, the National Electrical Code Article 430- 
22a has specified that source power conductors are required to be 
sized at 125% of the full load current of the drive. This require- 
ment was established to protect the cables from power distortions 
generated by the rectifier. 

Having the pulse rate changed or switching the drive inverter 
transistor to a slower frequency can eliminate the higher power 
low number harmonics. To clean off the harmonics and block the 
spikes filters, reactors and isolation transformers can be added to 
the drive. In an effort to lower the inrush currents, startups can be 
made more gradual. These add-ons could be cost prohibitive and 
cause further voltage drop from the power supplied to the motor. 

VED motors are double insulated so that any nicks in the 
winding’s insulation can be avoided. In order to withstand distort- 
ed power the winding’s insulation has been enhanced for greater 
performance. The motors that remain susceptible to breakdown 
are those that were not changed when the drive was upgraded to 
an adjustable VFD type. 

This cable is now left as the weakest link in the VFD sys- 
tem. If a motor power supply cable can be made so that it will 
not fail due to power distortions, the whole system will have 
been upgraded to handle the type of power that a VFD drive gen- 
erates. The Lapp VFD cable exists which will insure trouble free 
operation even under the most extreme operating conditions. 
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VFD TESTING AND ANALYSIS 


PdMA Corporation 


DESCRIPTION 


Motors powered by variable frequency (VFD) or variable 
speed (VSD) drives require additional testing and analysis to 
ensure the high-voltage stresses are not weakening the motor’s 
insulation system or the drive components. This application note 
is designed to give a quick review of the techniques for testing 
and analyzing VFDs and VFD driven motor data using the MCE- 
MAX. 

VEDs are made up of three components: the rectifier, stor- 
age, and inverter sections. Most VFD failures are the result of 
misapplication. Failures usually occur in the power sections, in 
either the rectifier or inverter. 


PROCEDURE 


e Establish two motors in the database for each drive motor 
combination. One will be used for EMAX testing on the 
line side of the VFD. The other will be used for MCE 
and EMAX testing on the load side of the VFD. 
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e Disconnect the VFD from the motor when performing 
MCE (deenergized) testing. 

e Remove warning level set points which are not applicable 
to VFD signals. These include Current THD, HVF, FL, 
and Zimbalance for line side and VL-L, VTHD, HVF, 
and FL for load side. 

e Refer to IEEE 519-1992 for standards on power quality. 

e Perform the following tests: 

e Line Side Load Side 
e EMAX Power Analysis All MCE Tests 
e All EMAX Tests 
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LINE SIDE ANALYSIS 

Line Side Analysis focuses on the health of the VFD com- 

ponents, specifically the transistors. 

e Monitor the voltage THD. 

e Look for excessive harmonics of voltage on the voltage 
and current harmonics graph. 

e High 5th and 7th harmonics indicate the presence of a 6 
pulse drive influence on the distribution system. Each of 
the individual voltage harmonics should be <3% of the 
fundamental as per IEEE 519-1992. The figure shown 
below is an example of unacceptable levels of voltage 
distortion. 
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e IEEE 519-1992 is the Recommended 
Practices and Requirements for Harmonic 
Control in Electrical Power Systems. It rec- 
ommends for voltages greater than 600 
VAC and less than 69k VAC, the overall 
voltage THD limit is 5%. 

e Look for erratic zero crossings of voltage 
and current based on expected values and 
comparative values. The figure beside indi- 
cates a defective inverter section on the 
VED. 
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LOAD SIDE ANALYSIS 


e IEEE 519-1992 power quality standards do 
not apply on the load side of a VFD. 
e MCE testing analysis is identical for drive 
motors and non-drive motors. 
e The voltage and current time domain is dif- 
ferent, but still balanced, as shown beside. 
e The EMAX Demod test for auto speed 
acquisition requires manual speed selection. 
e EMAX Low Res, High Res, and Eccentricity 
tests have a built-in line frequency modifier 
so that the “Select Speed” and “Estimate 
Bars” algorithms are correct for different 
line frequencies. 
Spectrum peak caution and alarm values are 
the same for drive motors and non-drive motors. 
Verify speed to confirm rotor defects. 
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SOLID STATE GIVES BETTER PROTECTION 


Allen-Bradley 


Electric motors fail for a number of reasons, including exces- 
sive heat, moisture and contamination; short circuits; mechanical 
problems; and simple old age! 

The primary cause of motor failure is excessive heat, 
which is caused by: 

e Excess current (current greater than the normal motor 

full load current) 

e High ambient temperatures 

e Poor ventilation of the motor. 

In general, a single motor protective device alone cannot 
protect the motor from excessive heat due to all three of these 
causes. Currents greater than normal motor full load current can 
be caused by high inertia loads, such as loaded conveyors, locked 
rotor conditions, low voltage, phase failure and phase imbalance. 
If a motor is continuously overheated by only 10C, its life can 
be reduced by as much as 50%. 

All of these problems can be accounted for and measured 
to provide the very highest level of protection to the motor, so 
that the motor achieves the longest possible electrical and 
mechanical life in the application. Protecting motors against these 
various problems can be achieved with the functionality that elec- 
tronics now provides in solid state motor protective devices. 

By measuring parameters such as current, temperature and 
phase imbalance, damage to the motor’s stator and rotor can be 
prevented, as well as providing an early warning that there may 
be trouble with another part of the mechanical system, such as 
conveyors, belts, gears and bearings. 

There are significant differences in the construction and 
performance of electromechanical overload relays and solid state 
motor protective devices. They include the principles of opera- 
tion of the two types of devices, the reduced heat dissipation and 
the energy savings that can be realised with solid state systems. 

Traditional electromechanical overload relays (eutectic 
alloy or bimetallic) do not measure current directly. These 
devices operate by passing current through a heater element, 
which simulates the actual heating effect that is taking place in 
the motor. During overload conditions, the heat generated with- 
in the heater element reaches a level that causes a mechanism to 
operate and an auxiliary contact to open. 

In typical installations, the contactor coil is wired in series 
with this contact. When the auxiliary contact opens, the contactor 
is de-energised, removing current from the motor. 

Solid state motor protective devices, on the other hand, 
actually do measure current directly. Current can be measured in 
a variety of ways, but the most typical method of measuring cur- 
rent is using current transformers. Once an overload condition is 
reached, the electronic circuit of the motor protective device 
operates due to the increased level of current, causing a contact to 
open (similar to the electromechanical overload relay), de-ener- 
gising the contactor and removing current from the motor. 


Solid state electronics in motor protective devices not 
only provide traditional overload protection against the overcur- 
rents that the motor is subjected to, but they also provide more 
information and protection against other fault conditions. These 
include: phase loss, phase imbalance, jam protection, ground 
fault (earth fault) protection, underload protection and over-tem- 
perature protection. 

Under a phase loss condition, the motor current in the 
remaining two phases of a fully loaded motor increases to 1.73 
times the normal motor full load current. A phase loss can occur 
due to a blown fuse or a poor electrical connection. With solid 
state electronics, in the motor protective device, the device can 
be designed so that it will trip, dropping out the starter within a 
2 second period, thereby providing improved protection to the 
motor. Traditional electromechanical overload relays may take 
40 seconds or longer after a phase loss, before the heat generated 
is sufficient to cause a trip. 

Phase imbalances also cause an increase in current in the 
motor. A phase imbalance of only 5% requires a reduction in the 
permissible motor output of 25%, derating, for example, a 10HP 
motor to 7.5HP. Therefore, very small phase imbalances cannot 
be tolerated, because damage to the motor may occur, or the 
required output of the motor may not be achieved. 

A high overload — or jam condition — can put unnecessary 
mechanical and thermal loading on the motor and the transmis- 
sion elements. This might occur when a bearing seizes or parts 
are jammed in a conveyor. By sensing this jam current, the motor 
can be taken offline to prevent damage to components in the 
mechanical system. Jam protection is particularly useful in appli- 
cations such as conveying systems, mills, mixers, crushers and 
saws. 

Motors (for example, fans or submersible pumps) that are 
cooled by the medium being handled can become overheated in 
spite of being underloaded, due to the absence of sufficient medi- 
um. Causes might be clogged filters or closed valves. Often, such 
machines are installed in inaccessible places, making repair time 
consuming and expensive. 

An underload, represented by the consumption of less 
than normal motor full load current, may indicate that there is a 
mechanical defect, such as a torn conveyor belt, damaged fan 
blades, broken shaft or worn tools. Such conditions may not 
harm the motor, but they do lead to loss of production or an inter- 
rupted production process. Rapid detection by the motor protec- 
tive device helps to minimise both the damage and the downtime. 

For increased safety of personnel in the area of motors and 
equipment, solid state motor protective devices can also provide 
ground fault protection. Ground faults in the motor occur when 
the insulation of the motor windings is damaged, perhaps by high 
voltage surges, age, sustained overloading or overheating, 
mechanical vibration or foreign objects, such as dust particles. In 
these instances, leakage to ground can occur. In grounded sys- 
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tems, the fault current can rise rapidly to a very high level, ulti- 
mately turning into a short circuit current. Solid state motor pro- 
tective devices can sense ground fault currents before they rise to 
dangerous short circuit fault levels, and switch the motor offline 
before severe damage or severe injury to personnel occurs. 
Motor failure is most often caused by excessive heat. However, 
excessive heat is not only caused by increased incurrent, but it 
can also occur for other reasons, such as the ambient environment 
around the motor. Severe ambient conditions where there may 
not be sufficient ventilation to the motor, or where severe 
changes occur in the ambient temperature, would be applications 
where sensing current only would not be sufficient to protect the 
motor properly. In these types of applications, a temperature 
input from a positive temperature coefficient sensor or a resist- 
ance temperature detector (both of which are embedded in the 
motor windings) can be utilized to provide temperature input to 
the motor protective device. This additional information, utilized 
in conjunction with the motor current, will properly protect the 
motor, even when there may not be sufficient cooling. 
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REPLACING AN OVERSIZED AND UNDERLOADED 
ELECTRIC MOTOR 


U.S. Department of Energy 


This fact sheet will assist in decisions regarding replace- 
ment of oversized and underloaded motors. It includes a discus- 
sion of how the MotorMaster software can be used to conduct 
motor replacement analyses. Motors rarely operate at their full- 
load point. Field tests of 60 motors at four industrial plants indicate 
that, on average, they operate at 60% of their rated load. Motors 
that drive supply or return air fans in heating, ventilation and air- 
conditioning (HVAC) systems generally operate at 70% to 75% 
of rated load. A persistent myth is that oversized motors, espe- 
cially motors operating below 50% of rated load, are not efficient 
and should be immediately replaced with appropriately sized 
energy-efficient units. In actuality, several pieces of information 
are required to complete an accurate assessment of energy savings. 
They are the load on the motor, the operating efficiency of the 
motor at that load point, the full-load speed (in revolutions per 
minute [rpm]) of the motor to be replaced, and the full-load 
speed of the downsized replacement motor. 


MOTOR LOAD ESTIMATION TECHNIQUES 


Operating efficiency and motor load values must be 
assumed or based on field measurements and motor nameplate 
information. The motor load is typically derived from a motor’s 
part-load input kW measurements as compared to its full-load 
value (when kW or voltage, amperage, and power factor readings 
are available), from a voltage compensated amperage ratio, or 
from an operating speed to full-load slip relationship. 

Equations used to estimate motor load are summarized on 
the folloiwng page. The kilowatt technique should be used when- 
ever input kilowatt measurements are available. Use the slip 
technique only when strobe tachometer readings are at hand and 
kilowatt values are not available. The full-load or synchronous 
speed for the existing motor may be extracted from the name- 
plate, whereas speed characteristics for new motors are obtained 
from manufacturers’ catalogs. 


Motor Load Estimation Techniques 
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The Arizona Department of Commerce Energy Office has 
recommended against using the slip technique as an indicator of 
load and suggests that loads be estimated by comparing a motor’s 
true root-mean-square (rms) amperage draw against its full-load 
or nameplate value. Thus, the load on a motor is defined as: 
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While the amperage of a motor is approximately linear 
down to 50% load, the relationship is not directly proportional 
(1.e., at 50% load, current is higher than 50% of full-load cur- 
rent). An improved version of the amperage ratio load estimation 
technique makes use of a linear interpolation between a motor’s 
full- and half-load current values. The modified equation, useful 
for estimating loads in the 50% to full-load range, is: 
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The current at 50% load (amps50%) can be found from 
manufacturer data or MotorMaster. The accuracy of the amperage 
ratio methodology is best for motors with outputs exceeding 10 
shaft horsepower (hp). Below 50% load, the amperage curve 
becomes increasingly nonlinear and is therefore not a good indi- 
cator of load. Amperage draws at 50% load for motors of different 
sizes and speeds are given in Figure 1. This figure can be used to 
approximate current values when specific motor data are not 
available. 





Figure 1 


EFFICIENCY VERSUS MOTOR LOAD RELATIONSHIPS 


The efficiency of both standard and energy-efficient 
motors typically peaks near 75% of full load and is relatively flat 
down to the 50% load point. Motors in the larger size ranges can 
operate with reasonably high efficiency at loads down to 25% of 
rated load. Efficiency values at partial load points are given in 
Table 1 for energy-efficient and standard motor models of vari- 
ous SIZES. 
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An inspection of Table 1 indicates two additional trends: 
(1) larger motors exhibit both higher full- and partial-load effi- 
ciency values, and (2) the efficiency decline below the 50% load 
point occurs more rapidly for the smaller size motors. Thus, a 
100-hp standard motor operating at 40% of rated load may oper- 
ate as efficiently as an energy efficient 40-hp motor operating at 
its rated load point. On the other hand, an energy-efficient 5-hp 
replacement motor could operate with an efficiency as much as 
five points above that of a standard 10-hp motor operating at its 
40% load point. 
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MOTOR LOAD AND SPEED RELATIONSHIPS 


The actual operating speed of an induction motor is some- 
what less than its synchronous speed. This difference between 
the synchronous and actual speed is referred to as slip. Many 
energy-efficient motors tend to operate with a reduced full-load 
slip or at a slightly higher speed than their standard efficiency 
counterparts. This small difference can be significant. For cen- 
trifugal fans and pumps, even a minor change in the motor’s 
operating speed translates into a significant change in imposed 
load and annual energy consumption. Fan and pump “affinity” 
laws indicate that the horsepower loading placed upon a motor 
by centrifugal loads varies as the third power or cube of its rota- 
tional speed. A seemingly minor 20 rpm increase in a motor’s 
rotational speed — from 1740 to 1760 rpm — can result in a 3.5% 
increase in the load placed upon a motor driving a pump or fan. 
In contrast, the quantity of air or water delivered varies linearly 
with speed. 

Slip and operating speed are dependent upon applied load, 
and the loading imposed upon a motor is, in turn, dependent 
upon its size. For example, a 25% loaded 100-hp motor could be 
replaced by a 50-hp motor loaded to approximately 50%; a 62.5% 
loaded 40-hp motor; an 83% loaded 30-hp motor; or a fully loaded 
25-hp motor. 

As loads on a motor are progressively increased, it begins 
to rotate slower until, at the full-load point, operation occurs at 
the full-load speed. Thus, oversized and lightly loaded motors 
tend to operate at speeds which approach synchronous. An 
appropriately sized smaller or fully loaded energy-efficient motor, 
with a higher full-load rpm than the motor to be replaced, may 
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actually operate at a slower speed than the original oversized 
motor. 

This speed and load shift can be significant and must be 
taken into account when computing both energy and demand 
savings. For example, consider a 40% loaded, four-pole, 10-hp 
Siemens ODP standard efficiency motor which is to be replaced 
by a 5-hp, energy-efficient, U.S. Motors premium efficiency unit 
or a Magnetek E-Plus 3 motor. 

The Siemens motor has a full-load efficiency of 84.0% at 
a full-load speed of 1720 rpm. The U.S. Motors and Magnetek 
products both exhibit full-load efficiencies of 89.5% with full- 
load speeds of 1760 and 1740 rpm, respectively. 

The Siemens motor would actually operate at 1768 rpm. 
The U.S. Motors energy-efficient motor would also rotate at 
1768 rpm, while the Magnetek unit would turn at 1753 rpm. 
Energy savings, assuming 2500 hours per year of operation, are 
849 kilowatt-hours (kWh) for the U.S. Motors unit and 1010 
kWh for the Magnetek machine. While operating at this reduced 
speed, the Magnetek unit would provide about 1% less air or 
water flow. Energy savings and load points for the U.S. Motors 
and Magnetek motor are given in Table 2, assuming that the full- 
load speed for the oversized 10-hp motor ranges from 1715 to 
1760 rpm. 

Note that, if motor operating speed is ignored, the annual 
savings given replacement with the 1740 rpm Magnetek motor is 
803 kWh. The energy savings could increase to 1209 kWh if the 
replaced oversized motor happened to have a full-load speed of 
1760 rpm. This very real possibility would result in a savings 
increase of 406 kWh, approximately 50% greater than that pre- 
dicted if speed correction factors are neglected. 


Table 2 
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A final word of caution is needed. The National Electrical 
Manufacturers Association does not require high precision for 
the nameplate full-load rpm value. An error of plus or minus 
20% in slip is allowed. This can represent A}10 rpm for both the 
existing and replacement 1800 rpm motors. A significant uncer- 
tainty is introduced. Greater deviation in full-load rpm can occur 
if the existing motor has been rewound. 
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USING MOTORMASTER TO CONDUCT ANALYSES OF 
OVERSIZED MOTOR REPLACEMENT OPPORTUNITIES 


MotorMaster software contains a speed/correction algo- 
rithm such that when the nameplate full-load speed of the motor 
to be replaced is entered, the increase or decrease in load for the 
replacement motor is automatically calculated. Speed change 
effects are thus used to determine annual energy and dollar savings 
and the simple payback from investing in a new, energy-efficient 
motor. 

MotorMaster also contains full, 75%, 50%, and 25% load 
and power factor data for most motors. An oversized motor 
replacement analysis can readily be made, with MotorMaster 
interpolating to determine the efficiency at the appropriate inter- 
nally computed load point for the new downsized motor. 
Equipment and installation cost data for the replacement motor 
are automatically entered into the analysis and speed correction 
is again automatically accounted for. MotorMaster’s Compare 
Section was specifically created to effectively and correctly conduct 
analyses of oversized and underloaded motors. 

In addition, a Windows-based enhancement to MotorMaster, 
called MotorMaster+, is available. MotorMaster+ not only facil- 
itates the selection of energy-efficient motors, but can also assist 
energy coordinators in implementing an effective energy manage- 
ment program. MotorMaster+ has many tools to support energy 
management activities. These tools include a motor inventory 
model, a field measurement and operating data storage repository, 
descriptor search and selective report-writing capability, internal 
motor load and efficiency estimation capability, MotorMaster 
database interface, and life-cycle costing analysis. If you are 
interested in communicating electronically with other motor sys- 
tem professionals, review the motor-related forums on the Motor 
Challenge website. 

The Motor Challenge website can be accessed at 
http://www.motor.doe. gov. 
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POWER SYSTEM HARMONICS 
Causes and Effects of Variable Frequency Drives Relative to the IEEE 519-1992 Standard 


Square D 


INTRODUCTION 


This document describes power system harmonics as they 
relate to AC variable frequency drives controlling centrifugal 
pumping applications. Some of the topics covered are: 

e Definition of harmonics 

e How AC variable frequency drives create harmonics 

e Effects of variable frequency drives on the AC line 

e Three-phase harmonics associated with phase-to-phase 

loads 

e Controlling harmonics 


Information on the IEEE 519-1992 standard can be found 
in “IEEE Recommended Practices and Requirements for 
Harmonic Control in Electrical Power Systems”. The issues and 
considerations associated with three-phase power harmonics are 
often misunderstood. With the advent of power electronics and 
proliferation of non-linear loads in industrial power applications, 
power harmonics and their effects on power quality are a topic of 
concern. Currently in the United States, only 15 to 20% of the 
utility distribution loading consists of non-linear loads. It is pro- 
jected that over the next ten years non-linear loads will comprise 
approximately 70 to 85% of the loading on the nation’s utility 
distribution systems. 

The effects of single-phase power harmonics and neutral 
conductors are often a source of concern. Harmonics play an 
important role in single-phase applications if the neutral conduc- 
tors are undersized, however single-phase harmonics are associ- 
ated with phase-to-neutral loads and are not discussed in this 
document. 


HARMONICS 


A harmonic is a component of a periodic wave having a 
frequency that is an integral multiple of the fundamental power 
line frequency of 60 Hz. Harmonics are the multiple of the fun- 
damental frequency, as shown in Figure 1. Total harmonic distor- 
tion is the contribution of all the harmonic frequency currents to 
the fundamental. 
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Figure 1. Determining Characteristic Harmonics 


HOW HARMONICS ARE PRODUCED 


Harmonics are the by-products of modern electronics. 
They occur frequently when there are large numbers of personal 
computers (single-phase loads), uninterruptible power supplies 
(UPSs), variable frequency drives (AC and DC) or any electronic 
device using solid state power switching supplies to convert 
incoming AC to DC. 

Non-linear loads create harmonics by drawing current in 
abrupt short pulses, rather than in a smooth sinusoidal manner 
(see Figure 2). The terms “linear” and “non-linear” define the 
relationship of current to the voltage waveform. A linear relation- 
ship exists between the voltage and current, which is typical of 
an across-the-line load. A non-linear load has a discontinuous 
current relationship that does not correspond to the applied volt- 
age waveform. 
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Figure 2. Differences between Linear and Non-Linear Loads 


HOW VARIABLE FREQUENCY DRIVES CAUSE HARMONICS 


All variable frequency drives cause harmonics because of 
the nature of the front end rectifier design. Figure 3 illustrates the 
typical 6-pulse rectifier. This is the standard power circuit ele- 
mentary configuration for most pulse width modulated variable 
frequency drives with diode bridge rectifiers sold in the market- 
place today. 
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Figure 3. Typical Six-Pulse Front End Converter for AC Drive 


Some manufacturers offer an alternative design, particularly 
in large horsepower configurations, that incorporates the advan- 
tages of a 12-pulse configuration. The 12-pulse configuration 
still creates harmonics to some degree by eliminating the 5th and 
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7th harmonics and extending the primary characteristic harmon- 
ics up to the 11th and 13th. 

Capacitors charge by drawing current instantaneously 
and charging to a rated voltage potential. Figure 3 shows the rela- 
tionship of voltage and current with respect to time for a typical 
capacitor from the moment power is applied. 
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Figure 4. Capacitor Voltage and Current Relationships 


After one half cycle, the DC bus capacitors are charged to 
the peak of the AC voltage sine wave. The connected motor 
draws current from the DC bus (high DC voltage) to supply 
power to the load requirements. 

Three-phase harmonics occur when incoming AC voltage 
is rectified by the three-phase full wave diode bridge, which 
charges the capacitor banks in the DC bus. The conversion from 
AC to DC is used to charge the capacitors to a rated potential. 

As the motor draws the voltage from the DC bus supply, 
the potential on the capacitors is less than the incoming line volt- 
age. Before reaching a lower regulated limit, the DC bus capacitors 
recharge again in the next half cycle of the voltage sine wave to 
the peak. This process is repeated twice in each peak of the sine 
wave from the process of continuously charging and discharging 
of the DC bus capacitors. The capacitors draw a pulse of current 
(non-linear load) only during the first and second half peak of the 
voltage sine wave. 

The degree and magnitude of the harmonics created by 
the variable frequency drive is a function of the drive design and 
the inter-relationship of the non-linear load with the connected 
distribution system impedance. The power source line imped- 
ance ahead of the controller will determine the magnitude and 
amplitude of harmonic currents and voltages reflected back into 
the distribution system. Figure 5 illustrates this relationship. 
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Figure 5. Non-Linear Load and Power Supply Modeling 


The distorted current reflected through the distribution 
impedance causes a voltage drop or harmonic voltage distortion. 
This relationship is proportional to the distribution system available 
fault current and to the industrial distribution system impedance 
design. 


e High fault current (stiff system) 
e Distribution system impedance and distortion is low 
e Harmonic current draw is high 

e Low fault current (soft system) 
e Distribution system impedance and distortion is high 
e Harmonic current draw is low 


EFFECTS AND NEGATIVE CONSEQUENCES 


The effects of three-phase harmonics on circuits are simi- 
lar to the effects of stress and high blood pressure on the human 
body. High levels of stress or harmonic distortion can lead to 
problems for the utility’s distribution system, plant distribution 
system and any other equipment serviced by that distribution 
system. Effects can range from spurious operation of equipment 
to a shutdown of important plant equipment, such as machines or 
assembly lines. 

Harmonics can lead to power system inefficiency. Some 
of the negative ways that harmonics may affect plant equipment 
are listed below: 


Conductor Overheating: 

A function of the square rms current per unit volume of 
the conductor. Harmonic currents on undersized conductors or 
cables can cause a “skin effect”, which increases with frequency 
and is similar to a centrifugal force. 


Capacitors: 

Can be affected by heat rise increases due to power loss 
and reduced life on the capacitors. If a capacitor is tuned to one 
of the characteristic harmonics such as the 5th or 7th, over volt- 
age and resonance can cause dielectric failure or rupture the 
capacitor. 


Fuses and Circuit Breakers: 
Harmonics can cause false or spurious operations and trips, 
damaging or blowing components for no apparent reason. 


Transformers: 

Have increased iron and copper losses or eddy currents 
due to stray flux losses. This causes excessive overheating in the 
transformer windings. Typically, the use of appropriate “K factor” 
rated units are recommended for non-linear loads. 


Generators: 

Have similar problems to transformers. Sizing and coor- 
dination is critical to the operation of the voltage regulator and 
controls. Excessive harmonic voltage distortion will cause multiple 
zero crossings of the current waveform. Multiple zero crossings 
affect the timing of the voltage regulator, causing interference and 
operation instability. 


Utility Meters: 
May record measurements incorrectly, result in higher 
billings to consumers. 


Drives/Power Supplies: 

Can be affected by misoperation due to multiple zero 
crossings. Harmonics can cause failure of the commutation cir- 
cuits, found in DC drives and AC drives with silicon controlled 
rectifiers (SCRs). 
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Computers/Telephones: 
May experience interference or failures. 


IEEE 519-1992 GUIDELINES 


IEEE 519-1981, “IEEE Guide for Harmonic Control and 
Reactive Compensation of Static Power Converters”, originally 
established levels of voltage distortion acceptable to the distribution 
system for individual non-linear loads. With the rising increase 
usage of industrial non-linear loads, such as variable frequency 
drives, it became necessary to revise the standard. 

The IEEE working groups of the Power Engineering 
Society and the Industrial Applications Society prepared recom- 
mended guidelines for power quality that the utility must supply 
and the industrial user can inject back onto the power distribution 
system. The revised standard was issued on April 12, 1993 and 
titled “JEEE Recommended Practices and Requirements for 
Harmonic Control in Electrical Power Systems” 

The revisions to IEEE 519-1992 establish recommended 
guidelines for harmonic voltages on the utility distribution system 
as well as harmonic currents within the industrial distribution 
system. According to the standard, the industrial system is 
responsible for controlling the harmonic currents created in the 
industrial workplace. Since harmonic currents reflected through 
distribution system impedances generate harmonic voltages on 
the utility distribution systems, the standard proposes guidelines 
based on industrial distribution system design. Table 10.3 from 
IEEE 519-1992 defines levels of harmonic currents that an 
industrial user can inject onto the utility distribution system. 


IEEE Table 10.3 Current Distortion Limits for General Distribution Systems 
(120 V through 69 kW) 
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Table 11.1 of IEEE 519-1992 defines the voltage distortion 
limits that can be re-flected back onto the utility distribution sys- 
tem. Usually if the industrial user controls the overall combined 
current distortion according to Table 10.3, this will help them 
meet the limitations set forth in the guidelines. 


IEEE Table 11.1 Voltage Distortion Limits 
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Some important concepts and terms associated with a 
harmonic analysis involve PCC, TDD and THD. The Point of 
Common Coupling (PCC) is the location of the harmonic volt- 
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age and current distortion to be calculated or measured. PCC can 
be measured or calculated on the primary or secondary of a utility 
transformer or at the service entrance of the facility. In some 
cases, PCC can be measured or calculated between the non-linear 
loads and other loads of an industrial plant. Total Demand 
Distortion (TDD) is the percentage of total harmonic current 
distortion calculated or measured at PCC. Total Harmonic 
Distortion (THD) is the total harmonic voltage distortion calcu- 
lated or measured at PCC. 

A task force was created to develop an application guide 
for IEEE 519 to help users and utilities in cooperate and under- 
stand how to solve potential problems related to power system 
harmonics. 


EVALUATING SYSTEM HARMONICS 


In order to prevent or correct harmonic problems that 
could occur within an industrial facility, an evaluation of system 
harmonics should be performed if the facility conditions meet 
one or more of the criteria below. 

e The application of capacitor banks in systems where 20% 
or more of the load includes other harmonic generating 
equipment. 

e The facility has a history of harmonic related problems, 
including excessive capacitor fuse operation. 

e During the design stage of a facility composed of capacitor 
banks and harmonic generating equipment. 

e In facilities where restrictive power company require- 
ments limit the harmonic injection back into their system 
to very small magnitudes. 

e Plant expansions that add significant harmonic generating 
equipment operating in conjunction with capacitor banks. 

e When coordinating and planning to add an emergency 
standby generator as an alternate power source in an 
industrial facility. 

Often, the vendor or supplier of non-linear load equipment, 
such as variable frequency drives, can evaluate the effects that 
the equipment may have on the distribution system. This usually 
involves details related to the distribution system design and 
impedances, similar to performing a short circuit study evaluation. 


REDUCING HARMONICS 


There are many ways to reduce harmonics, ranging from 
variable frequency drive designs to the addition of auxiliary equip- 
ment. The primary methods used today to reduce harmonics are: 


Power System Design: 

Harmonics can be reduced by limiting the non-linear load 
to 30% of the maximum transformer’s capacity. However, with 
power factor correction capacitors installed, resonating conditions 
can occur that could potentially limit the percentage of non-linear 
loads to 15% of the transformer’s capacity. Use the following 
equation to determine if a resonant condition on the distribution 
could occur: 


where... 
-= h= resonar frequency as a mule of the 
lr = l KT Ase fimdamental frequency 
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ETAR = capactor rating atthe system voltage 


If hr equals or is closed to a characteristic harmonic, such 
as the 5th or 7th, there is a possibility that a resonant condition 
could occur. 
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12-pulse converter front end: 

In this configuration, the front end of the bridge rectifier 
circuit uses twelve diodes instead of six. The advantages are the 
elimination of the 5th and 7th harmonics to a higher order where 
the 11th and 13th become the predominate harmonics. This will 
minimize the magnitude of harmonics, but will not eliminate 
them. The disadvantages are cost and construction, which also 
requires either a Delta-Delta and Delta-Wye transformer, “Zig- 
Zag” transformer or an autotransformer to accomplish the 300 
phase shifting necessary for proper operation. This configuration 
also affects the overall drive system efficiency rating because of 
the voltage drop associated with the transformer configuration 
requirement. Figure 6 illustrates the typical elementary diagram 
for a 12-pulse converter front end. 





Figure 6. Typical Twelve-Pulse Front End Converter for AC Drive 


Delta-Delta and Delta-Wye Transformers: 

This configuration uses two separate utility feed trans- 
formers with equal non-linear loads. This shifts the phase rela- 
tionship to various six-pulse converters through cancellation 
techniques, similar to the twelve-pulse configuration. 


Isolation Transformers: 

An isolation transformer provides a good solution in many 
cases. The advantage is the potential to “voltage match” by step- 
ping up or stepping down the system voltage, and by providing a 
neutral ground reference for nuisance ground faults. This is the 
best solution when utilizing AC or DC drives that use SCRs as 
bridge rectifiers. 


Line Reactors: 

More commonly used for size and cost, the line reactor is 
the best solution for harmonic reduction when compared to an 
isolation transformer. AC drives that use diode bridge rectifier front 
ends are best suited for line reactors. Line reactors (commonly 
referred to as inductors) are available in standard impedance ranges 
from 1.5%, 3%, 5% and 7.5%. 


Harmonic Trap Filters: 

Used in applications with a high non-linear ratio to system 
to eliminate harmonic currents. Filters are tuned to a specific har- 
monic such as the 5th, 7th, 11th, etc. In addition, harmonic trap 
filters provide true distortion power factor correction. Filters can 
be designed for several non-linear loads or for an individual load, 
as shown in Figure 7. 
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Figure 7. Typical Harmonic Trap Filter Configuration 


SUMMARY 


With the proliferation of non-linear loads, the issues of 
power harmonics are more apparent than ever. Controlling and 
monitoring industrial system designs and their effects on utility 
distribution systems are a potential problem for the industrial 
consumer who is responsible for complying with the IEEE 519- 
1992 recommended practices and procedures. Industrial facilities 
should include a system evaluation, including a harmonic distortion 
analysis, while planning facility construction or expansion. 
Vendors of non-linear loads such as variable frequency drives 
can provide services and recommend equipment that will reduce 
harmonics in order to comply with the revised IEEE 519-1992 
guidelines. 
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ADJUSTABLE FREQUENCY DRIVES AND HVAC SYSTEMS 


An Application Guide 


Square D 


INTRODUCTION 


All buildings pose the same problem: how to heat or cool 
the air inside to create a more comfortable environment for the 
occupants. In small buildings such as a house, this task is easily 
handled with air conditioners and heaters. Larger buildings such 
as offices, hotels, or factories pose a more difficult problem due 
to their size and complexity. 

The most typical heating and cooling solution is to move 
air around the building while modifying the air temperature by 
passing the air over heated or cooled water as required. Such a 
system consists of a water stage and an air stage. Figure 1 illustrates 
the basic concept of such a system. 
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Figure 1. Heating, Ventilation, and Air Conditioning (HVAC) System 


WATER STAGE 


The water stage is the first step of temperature control. Air is 
not an efficient medium to heat or cool directly. The most efficient 
and inexpensive medium that we can heat or cool is water. This 
water can then be used to change the temperature of the passing air. 

Heating water is very simple. Municipally-supplied water 
is pumped into a boiler where it is exposed to heat from oil, gas, 
coal, or electricity. The hot water is then pumped out into coils 
that are used for heating the building air. Cooling water is a little 
more complex and revolves around a device called a chiller. A chiller 
consists of a compressor, a condenser, and an evaporator. Two sep- 
arate water circuits exist in the chiller; one circuit removing heat 
from the building air and one circuit dissipating that heat via a cool- 
ing tower. 


AIR STAGE 


The air stage is the medium for heat exchange in the 
building spaces. Air is constantly circulated through a building to 
either bring in or carry away heat as required. If the air needs to 
be cooled, it is directed over coils of cool water. If the air needs 
to be heated, it flows over coils of hot water. Outside air is also 
vented in at times to save chiller energy when the outside air tem- 
perature is cool enough to help the system. 


HVAC SYSTEM ARCHITECTURE 


Every building, when designed, presents a different type 
of heating and cooling challenge. Correspondingly, a wide range 
of HVAC solutions have been developed over the years, particu- 
larly for large buildings. 


SINGLE ZONE SYSTEM 


The most simple and common of all HVAC designs is the 
single duct/single zone system, much like the system shown in 
Figure 2. This system is designed to supply air at a single temper- 
ature to a single large area (or zone) of a building. Some buildings 
are designed with the entire structure as a single zone. Although 
this system is simple and inexpensive to construct, the lack of 
control makes it difficult to keep all of the occupants comfortable, 
especially if parts of the building are affected differently by wind 
or sunlight. This type of system also wastes energy when heating 
or cooling areas that do not require it. 
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Figure 2. Single-Zone System 


The most flexible part of a single zone system is the selec- 
table recirculation of building air. Selectable air recirculation is 
common to most HVAC architectures and is part of all the sys- 
tems discussed here. In this design, outside air is only used 1f its 
temperature will move the building temperature in the desired 
direction, warmer or colder. If the outside air is not at a useful 
temperature, the outside air dampers may be closed and the inter- 
mix damper opened to allow the building air to recirculate. 
However, the outside air dampers do not close all the way. Some 
outside air must be brought in for health reasons. It is a general 
requirement that 20 cubic feet per minute of air be brought in for 
each occupant at all times. 


TERMINAL RE-HEAT SYSTEM 


A slightly more sophisticated system is called terminal re- 
heat (see Figure 3). These systems send out uniformly cool or hot 
air to multiple zones in a building. Each zone is equipped with a 
thermostat and a heating coil. When a zone’s thermostat calls for 
warmer air, a heating coil is activated to provide the required heat. 
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Figure 3. Terminal Reheat System 


HOT DECK/COLD DECK SYSTEM 


Many large zone systems use air directed over cooling 
coils in one duct as cool air, and air directed over heating coils in 
another duct as hot air for ventilation. These sections are usually 
referred to as the hot deck and the cold deck. As in the previous 
cases, this system makes use of outside air when appropriate. 
Figure 4 shows the typical configuration for such a system. This 
approach is also used for multiple zone systems. By paralleling 
several of the systems shown, from common outside air ducts, hot 
and cold deck systems can operate independently for each zone. 
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Figure 4. Hot Deck/Cold Deck System 


DUAL DUCT SYSTEM 


More cooling efficiency can be gained by using dual duct 
systems (see Figure 5). In a dual duct system, the hot and cold 
deck air is brought to each building zone independently. Each 
zone has a thermostat-controlled mixing box. This box feeds the 
proper combination of hot and cold air to reach the thermostat’s 
set point for the zone. 

In better systems, a control scheme detects periods where 
no zones are calling for either hot or cold air and shuts down the 
appropriate system. In the morning, for example, it is unlikely 
that cold air will be required as the building heats up. In that 
instance, the cold deck coil and fan would be shut down to con- 
serve energy. 





+ Return Air 


— 










Heating Coil 


+ Outside Air 
ge — m= 
| fone 1 





SE 


Zone 2 


Cooling Coil 


Figure 5. Dual Duct System 


VAV SYSTEMS 


The most sophisticated systems are variable air volume 
(VAV) systems, as shown in Figure 6. In VAV systems, a central 
unit supplies cooled or heated air at constant, controllable tem- 
peratures to VAV boxes for each zone. By opening and closing 
vanes in the airflow, these boxes vary the quantity rather than the 
temperature of the air, resulting in the desired amount of cooling 
or heating in the zone. In structures where zoned air conditioning 
is required, VAV is the most common choice. VAV is also the most 
energy efficient of the mechanical control systems. A static pres- 
sure sensor in the main duct detects changes in the duct pressure 
caused by the opening and closing of the zone boxes. This pres- 
sure reading is used in a loop control scheme with vanes or 
dampers on the supply fan to maintain a constant static pressure 
in the duct. When less air is required to maintain the pressure 
(1.e., the zone boxes are closed), the fan is unloaded and con- 
sumes less energy. 
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COOLING SYSTEMS 


Providing cooling is the most complex part of HVAC sys- 
tems. The two primary components used to achieve this are 
chillers and cooling towers. 


CHILLERS 


A chiller is the central means of heat exchange between 
the inside and outside of a building (refer to Figure 7). The 
chiller serves two basic functions: to cool the air in a building 
and to provide dehumidification. 
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Figure 7. Chiller 


Water enters the evaporator and the condenser through 
external piping. Tubing inside the piping is surrounded by a 
chiller medium, which is a compressible gas such as freon. As 
the water circulates within the tubing, heat is transferred between 
the water and the chiller medium. The chiller medium is subjected 
to two stages of pressurization. First, the medium is fed into the 
condenser at high pressure by the compressor. When the medium 
is compressed, its temperature increases. The chiller medium 
then leaves the condenser through an expansion device that sud- 
denly lowers the medium’s pressure before it enters the evaporator. 
When the medium is thus expanded, its temperature decreases. 
The change in pressurization between these two stages is the key 
to the cooling provided by the chiller. 

Heat is removed from the building air as the air passes 
over coils in the air ducts through which chilled water is flowing. 
This water flows into the evaporator where the heat is transferred 
to the chiller medium. The chiller medium is pressurized in the 
compressor, then transfers the resultant heat energy, which is a 
combination of the building heat picked up in the evaporator and 
the effects of compression, into the water in the condenser cir- 
cuit. The condenser water is pumped into a cooling tower where 
the heat delivered from the compressor is dissipated into the out- 
side air. In effect, the evaporator acts as a device to absorb heat 
from the building air while the condenser acts as a device to 
remove that heat from the building once it is picked up. 


COOLING TOWERS 


The job of the cooling tower is to radiate the heat of the 
building. Located on the outside of a building, the tower removes 
heat from the condenser water as the condenser water removes 
heat from the chiller (See Figure 8). 

Water in a cooling tower is cooled by evaporation. Every 
pound of water that a cooling tower evaporates removes 1,000 
BTU from the system. This lowers the temperature of 1,000 
pounds of water by 1 degree Fahrenheit. 
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Winter Return Figure 8. Cooling Tower Water Supply 


The condenser water is released from the top of the tower 
in a fine spray. The finer the spray, the more surface area is avail- 
able for evaporation. As the cooling tower fans blow air through 
the spray, the air carries away some of the heated water vapor, 
further aiding the evaporation process. Water in the tower cools 
by about 10 degrees Fahrenheit and is circulated back to the 
chiller to be heated again by the condenser. The efficiency of 
evaporation in a cooling tower at any given time is determined by 
a combination of outside air temperature and humidity. A 
special type of scale, called wet-bulb temperature, was created 
for controlling cooling towers. Wet-bulb temperature is deter- 
mined by a thermometer enclosed in a water-soaked wick. A 
tower removes heat better on a cool, dry day than on a hot, humid 
day. This reading is therefore used to control most cooling towers. 


DEHUMIDIFYING 


Warm air contains more moisture than cool air. The more 
moisture in the air, the more slowly perspiration evaporates. 
Since perspiration evaporation is an important mechanism for 
cooling the human body, high humidity increases discomfort 
during warm weather. Good HVAC systems not only cool the 
building, but also remove excess moisture. 

Condensation dehumidification is the process most often 
used in HVAC systems to remove excess moisture from the air. 
When warm, moist air passes over a cooling coil, its temperature 
can fall to a point where the air can no longer hold all the moisture 
it contains. The moisture then condenses on the coil as droplets 
which may be drained away. Typically, this task is accomplished 
by the coils using chilled water to cool the building and conden- 
sation is simply drained off of these coils as it builds. 


PUMPS AND FANS 


In order for air and water to be used to control the temper- 
ature of a building, there must be a way to move them around in 
the building. Pumps and fans are similar kinetic devices and both 
use the same principles to move water and air. 


CENTRIFUGAL PUMPS 


A centrifugal pump consists of a rotating impeller inside 
of a specially shaped shell. As the impeller rotates, liquid is taken 
in at the axis of the impeller and forced out along vanes to its 
tips. The liquid moves faster at the tips of the impeller than at the 
axis. The fluid is then gathered in a specially shaped diffusing 
section called a volute, where it is discharged at high pressure. 


PUMPING SYSTEMS 


Pumping systems are designed to increase both the flow 
and pressure of a liquid. In tall buildings, the pressure at which 
water leaves pumps is critical. Think of a water pipe in a building 
as a standing column of water. In order to move the water from 
the bottom up, the water at the bottom has to be pushed up with 
enough force to overcome the weight of the water above and the 
friction of the piping system that the water is flowing in. This 
force is referred to as the total dynamic head of the system. 

All of the water systems in a building must be designed to 
overcome the dynamic head of the system and provide the proper 
flow and pressure at the water’s destination. The water systems 
in a building include condenser water pumps, chilled water pumps, 
HVAC hot water pumps, and domestic water pumps. 

Municipal water systems are often designed as low-pres- 
sure systems. Lower pressure in the system means that there is 
less stress on pipes and fittings, leading to longer life and lower 
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maintenance costs. Unfortunately, this means that most buildings 
get water at too low of a pressure. 

If a municipal water system only delivers enough pressure 
to overcome the dynamic head of a two-story building, any build- 
ing over that height needs booster pumps to increase the pressure 
after it enters the building. Booster pumps are also required for 
domestic and HVAC hot water systems. Nearly all buildings have 
their boilers located in the basement. After the water is heated in the 
boiler, pumps must be used to give the heated water sufficient pres- 
sure to go where needed in the building. 


CENTRIFUGAL FANS 


Traditional, three-bladed, “propeller-style” fans are not 
very common. They are often noisy and inefficient. Centrifugal 
fans are classified according to blade arrangement such as radial, 
airfoil, and forward curved. Widely used in larger HVAC systems, 
especially in industry, centrifugal fans move considerable volumes 
of air over a wide range of pressures. 

Centrifugals have a rotating cylinder (impeller) mounted 
inside a scroll-type housing which somewhat resembles a snail’s 
shell. These fans have scoop-like blades that collect air and throw 
it against the inside of the housing to create the desired air stream 
for efficient cooling. 


FAN SYSTEM DESIGN 


Fans are located in systems according to their intended 
functions. Supply fans, for example, bring in air and must be 
placed so that air flows through them into the air ducts. Exhaust 
fans belong at the other end of the air stream. Fans that supply 
several spaces at once are centrally located. Otherwise, flow 
rates to different spaces vary and the fan operates inefficiently, 
wasting energy. 

In designing systems, engineers must take into account 
the temperature of the air that the fan moves. Cool air is denser 
than hot air. This affects fan performance and efficiency. 

The way that air flows toward a fan is an important factor 
in determining its efficiency. If the entire air stream moves at uni- 
form speed, for example, all portions of the fan do equal work 
and efficiency is maximized. If air speed is uneven, the work is 
unequally distributed, causing a lower operating efficiency. This 
problem is often solved by placing a length of straight duct at the 
fan intake. The duct smooths the airflow before the air enters the 
fan. Proper design of duct work is an art in itself. If this is not 
done right, the system will have very poor efficiency and could 
also have significant audible noise problems. 

Air-conditioning fans are usually arranged in long, rectan- 
gular ducts. Made from galvanized steel, the ducts may be attached 
to the ceilings, walls, or floors of the conditioned space. Ducts often 
contain metal vanes that direct the airflow to increase system effi- 
ciency. Room air inlets and outlets are customarily rectangular in 
shape and fitted with a metal grill, which often has dampers that 
open and close to control flow. 


ADJUSTABLE FREQUENCY DRIVES 


An adjustable frequency drive is an electronic device that 
changes the speed of a motor’s rotation by changing the frequen- 
cy of the power being fed to the motor. The relationship between 
a motor’s speed and the frequency of the power fed to the motor 
is linear. For instance, a motor that is designed to turn at 1,800 
revolutions per minute (RPM) when connected to a standard 60 
Hz power supply, will turn at 900 RPM when connected to an 
adjustable frequency drive supplying 30 Hz of power. 
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USE IN HVAC SYSTEMS 


Pump and fan systems are generally designed to use a full- 
speed, non-reversing motor to drive a mechanical air or water 
mover. The output of these systems is controlled by mechanically 
constricting the flow with throttling valves or damping vanes. 

Although constricting water or airflow reduces the load 
on the motor and therefore the power required to run the motor, 
flow constriction is not very efficient. Running a system this way 
is like driving a car with the accelerator pressed to the floor while 
controlling speed with the brake. An adjustable frequency drive, 
on the other hand, allows precise control of motor output. In the 
case of centrifugal fans and pumps, there is a significant reduction 
in the power required to handle the load. This power reduction is 
due to the fact that most pumps and all fans are variable torque 
loads. 


VARIABLE TORQUE LOADS 


In a variable torque load, the torque required to drive the 
load changes according to the speed. As the speed of a load is 
reduced, the torque required to drive it is decreased as a square 
of the speed. For example, at 50 percent speed, only 25 percent 
of the torque required at full speed is needed to turn the load, as 
shown in Figure 9. 
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Figure 9. Variable Torque Loads 


Fans and pumps are designed to make air or water flow. 
As the rate of flow increases, the air or water has a greater 
change in speed put into it by the fan or pump, increasing its iner- 
tia. In addition to the inertia change, increased flow means 
increased friction from the pipes or ducts. An increase in friction 
requires more force (or torque) to make the air or water flow at 
that rate. 


THE AFFINITY LAWS 


The effects that reduced speed has on a variable torque fan 
or pump are summarized by a set of rules known as the Affinity 
Laws. The basic interpretation of these laws is quite simple: 

1. Flow produced by the device is proportional to the 

motor speed. 

2. Pressure produced by the device is proportional to the 

motor speed squared. 

3. Horsepower required by the device is proportional to 

the motor speed cubed. 

For instance, an adjustable frequency drive running a vari- 
able torque load at 50 percent speed needs to deliver only 12.5 
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percent of the horsepower required to run it at 100 percent speed. 
The reduction of horsepower means that 1t costs less to run that 
motor. When these savings are applied over the yearly hours of 
operation, significant savings accumulate. 
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Figure 10. The Affinity Laws 


As always, you don't get something for nothing. While the 
first and third affinity laws allow us to save energy at a reduced 
speed, the second affinity law shows the effect that this speed 
reduction has on the pressure that the pump or fan delivers. While 
this is a significant consideration in most pumping systems, pres- 
sure 1s not as critical in most fan applications. If proper care is taken 
in engineering the application, adjustable frequency drives can pro- 
vide significant energy savings for many different installations. 


PUMP AND FAN CURVES 


As the second affinity law shows, the amount of pressure 
that a system can deliver is reduced when its speed is reduced. 
While the affinity law shows a general square relationship, the 
exact result depends on the specific mechanical design of the fan 
or pumps system in question. 

All fan and pump manufacturers publish performance 
curves for their products. These curves show what pressures a 
system produces at reduced speeds. Whenever reduced speed 
operation is considered, these curves need to be examined in 
order to determine the speeds at which the fan or pump can run 
and still make air or water flow. 

Consider a pump that produces 140 pounds per square 
inch (PSI) of pressure when run at full speed. The system that the 
pump is connected to has a static system pressure of 100 PSI. 
When variable speed operation is considered for that pump, the 
pump needs to rotate at a speed that yields at least 100 PSI of 
pressure or the water will not move. The pump won’t even gen- 
erate enough pressure to overcome the weight of the water above 
it. In order to determine this minimum speed, the pump curve 
must be redrawn for variable speed operation using the affinity 
laws. Reading standard pump or fan curves is fairly straightfor- 
ward. All of the curves consist of a simple graph with flow rates 
along the horizontal axis and pressures along the vertical axis. 
Manufacturers may also add additional scales and curves to the 
graph to show how efficient the pump is at certain points along 
the curve and how much brake horsepower is required to drive 
the pump at those points. More complex publications show 
curves for multiple impeller or blower sizes on the same graph. 
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Figure 11. Typical Pump Curve 


When a pump or fan is connected to a system, the static 
and dynamic pressures of that system dictate a natural operating 
point for that pump or fan. For example, on the pump curve 
shown in Figure 11, if the system pressures add to 130 PSI, the 
natural operating point of the system is Point A, at 1,000 gallons 
per minute (GPM) and 130 PSI. If a system operator wants to 
generate less than the 1,000 GPM of the natural operating point, 
a throttling valve is commonly used. As the valve is closed, the 
operating point moves along the pump curve to the left, increasing 
pressure as the flow is reduced. As the valve is opened up again, 
the operating point moves back along the pump curve to the right. 


ADJUSTABLE SPEED DRIVES AND PUMP/FAN CURVES 


In order to understand the effect that an adjustable fre- 
quency drive has on these curves, we need to apply the affinity 
laws. The curves provided by manufacturers are always based on 
the operation of the pump or fan at full RPM. Using the first and 
second affinity laws, a new set of curves can be generated for 
lower RPMs by simply replotting each point on the curve using 
the following formulas: 
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Figure 12 shows a typical 60 Hz pump curve with new 
curves plotted for 50 Hz, 40 Hz, and 30 Hz operation as well. 


PTOS Sur 
(Feat ol Heed) 

160, — 

i] 11 | 3 

| nd | (Pont fa 

1204 k r A 60H 
tor = | 8, DH 
| C 40H 
so | | ' | | D 30 Hè 

| | Fa | A | E System 

050 | | y=] Curve 
an É | B 

0) — 2 al - 

a - Si | | 

0 400. 500 MWM. 1000. 1200 1400 TEL 
Fkra (fs hh 


Figure 12. Typical Pump Curve 
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The same set of formulas allows you to calculate the new 
position of the operating point for each curve. The curve made up 
of these operating points is called a system curve. The adjustable 
frequency drive is only able to reach the pressures and flows that 
lie along this system curve. Although it is possible to use an 
adjustable frequency drive and throttling valve in combination to 
reach any point between the system curve and the original pump 
curve, such an application is rarely used. 


CALCULATING ENERGY SAVINGS 


While the theoretical models presented above are quite 
accurate, when calculating actual energy savings, it is best to take 
real world efficiencies into account. There are several computer 
programs available from drive manufacturers that provide more 
"real world” models of the potential energy savings that adjustable 
frequency drives yield. Square D has produced software that is 
based on the “real-world” performance models generated by the 
Electrical Power Research Institute (EPRI). 


VAV FAN SYSTEMS 


Variable air volume fan systems have become quite typi- 
cal in HVAC systems over the past 10 years. A VAV system 1s 
designed to maintain a constant static pressure in the air ducts, 
regardless of the changing demands of the building. Supply and 
return air fans are connected to the duct work and cycled on and 
off according to the operating hours of the building. During oper- 
ation, static pressure sensors in the ducts transmit a signal back 
to the fans. Inlet vanes or outlet dampers (basically giant louvers) 
open or close in order to provide the airflow that maintains the 
desired pressure in the duct. Adjustable frequency drives can 
replace these vanes, reacting to the same static pressure and control 
signals being used now. The drive provides the same amount of 
airflow into the ducts while consuming substantially less energy. 
The data shown in Figure 13 indicates the difference that an 
adjustable frequency drive can make in power consumption. 
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Figure 13. Fan Performance 


Based on input of the fan horsepower, motor efficiency, 
vane type, utility rate, and usage profile, software can calculate 
the potential annual savings available to the customer. The simple 
payback period can then be calculated from this data. It is impor- 
tant to note that the estimated savings in these calculations are 
based on a comparison of vane and damper systems versus 
adjustable frequency drive systems in new installations. In retrofit 
applications, the difference between inlet guide vanes and outlet 
dampers is critical. In the case of outlet dampers, these savings are 
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only valid if the existing dampers are physically removed from 
the system. If the dampers are left in place, but locked fully open, 
they will still interfere with airflow and impede system efficiency, 
resulting in a slight reduction of energy savings. Inlet vanes, on 
the other hand, should always be left in place. An inlet vane con- 
trols airflow by directing the air into the fan. If these vanes are 
removed, the fan’s operating characteristics will be significantly 
altered. Instead of removing the inlet vanes, they should instead 
be adjusted to find their optimum operating point and locked in 
place there. 


THROTTLE VALVE CONTROLLED PUMPING SYSTEMS 


In some pumping systems, the output of a pump is more 
than the system requires. This can be the result of either an original 
over design, or seasonal and daily demand variations. In both of 
these cases, some sort of throttling valve is used to constrict the out- 
put of the pump. 

Replacing this valve with an adjustable frequency drive 
allows for low-speed operation and produces the resultant energy 
savings. 
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Figure 14. Pump Performance 


Based on the input of the pump horsepower, motor effi- 
ciency, utility rate, and usage profile, software can calculate the 
potential annual savings available to the customer. Special care 
should be taken with discharge pressure when using these pumping 
systems. As mentioned earlier, there is a reduction in the amount 
of pressure that can be generated at reduced speeds. This means 
that in systems with a significant static head on the discharge of 
the pump, it may not be possible to reduce the speed significantly. 
On any pumping system, there is a minimum speed at which the 
pump cannot generate enough pressure to operate in the system. 
An analysis of the pumping system, including the original pump 
and system curves, should be made in any pumping application. 
In all cases, an engineer experienced in adjustable frequency 
drives should be consulted to determine the feasibility of applying 
the drives to that particular pumping system. 


OTHER APPLICATIONS 


In addition to the basic systems discussed above, there are 
several other typical building systems that are good candidates 
for adjustable frequency drive applications. All of the systems 
below are proven applications where energy can be saved using 
adjustable frequency drives. The savings in these cases can be 
calculated based on the affinity laws with real world efficiencies 
factored in. 
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BANKED FANS 


Sometimes buildings are designed with air moving systems 
that use banks of fans feeding into the same output. As demand 
changes, the amount of fans on line is changed to adjust the output. 
Simpler systems also exist where the full output of one fan is all 
that 1s ever needed. The fans in these applications are alternated 
to maximize motor life. 

An adjustable frequency drive is an ideal device for this 
application. Where two fans are available and only one at a time 
1s being used, a drive can be applied to run both at 50 percent 
speed. This produces the same amount of output while consuming 
about 14 percent of the power. Keep in mind that the 50 percent 
operating point is really a theoretical approximation. The exact 
operating point for this type of application depends on the fan 
curves and the system using them. 


BANKED COOLING TOWER FANS 


Cooling towers typically use banks of fans, each feeding 
cooling cells. In the cells, the fan moves outside air through a spray 
of water, allowing heat to dissipate from the water. As demand 
changes and more heat needs to be removed from the water, the 
amount of cells on line is changed to adjust the output. If an 
adjustable frequency drive 1s applied to this system, more cells 
could be used at one time, while reducing the airflow into them. 
As in the previous example, the reduced motor speed requires 
less power to run. In addition to the energy savings from the 
reduced motor speed, the tower becomes more efficient from the 
increased surface area being used by the additional cells on-line. 
This results in even greater overall savings for the building. 


PARKING GARAGE EXHAUST FANS 


All parking garages are required to run fans during oper- 
ating hours to remove the auto exhaust fumes. These systems are 
typically run at full speed at all times. Because traffic in a parking 
garage varies over the course of a day, there are significant time 
periods when the garage does not need the same amount of ven- 
tilation as during peak traffic periods. The real function of the 
garage ventilation system is to remove carbon monoxide from 
the air. A gas-sensing system can be installed to monitor carbon 
monoxide levels in the garage. This information can in turn be 
used to adjust fan speed with a control system to keep carbon 
monoxide levels at a minimum. The system allows for operation 
at lower speeds and saves energy for the user. 


BANKED PUMPS 


The banked pumps application is exactly analogous to the 
banked fans described above. Systems are designed with banks 
of pumps feeding a common discharge header. Typically, the out- 
put of one pump is sufficient for the system and the pumps in these 
applications are alternated to maximize motor life. An adjustable 
frequency drive can be applied to run both pumps at 50 percent 
speed, producing the same amount of output while consuming 
about 14 percent of the power. As with all pumping systems, 
pressure becomes a critical part of the application. Banked 
pumps are not feasible for systems with significant head pressures, 
but work well with low-pressure systems or systems with pumps 
able to deliver much greater pressures than the system requires. 
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VARIABLE SPEED DRIVES 
A WAY TO LOWER LIFE CYCLE COSTS 


Courtesy: Hydraulic Institute, Europump, and the U.S. Department of Energy’s 
(DOE) Industrial Technologies Program 


INTRODUCTION 


Pumping systems account for nearly 20% of the world”s 
energy used by electric motors and 25% to 50% of the total elec- 
trical energy usage in certain industrial facilities. Significant 
opportunities exist to reduce pumping system energy consump- 
tion through smart design, retrofitting, and operating practices. 
In particular, the many pumping applications with variable-duty 
requirements offer great potential for savings. The savings often 
go well beyond energy, and may include improved performance, 
improved reliability, and reduced life cycle costs. 

Most existing systems requiring flow control make use of 
bypass lines, throttling valves, or pump speed adjustments. The 
most efficient of these is pump speed control. When a pump's 
speed is reduced, less energy is imparted to the fluid and less 
energy needs to be throttled or bypassed. Speed can be controlled 
in a number of ways, with the most popular type of variable 
speed drive (VSD) being the variable frequency drive (VFD). 

Pump speed adjustment is not appropriate for all pumping 
systems, however. This overview provides highlights from Variable 
Speed Pumping — A Guide To Successful Applications, which 
has been developed by Europump and the Hydraulic Institute as 
a primer and tool to assist plant owners and designers as well as 
pump, motor, and drive manufacturers and distributors. When the 
requirements of a pump and system are understood, the user can 
consult this guide to help determine whether variable speed 
pumping is the correct choice. The guide is applicable for both 
new and retrofit installations and contains flowcharts to assist in 
the selection process. 


PUMPING SYSTEMS 


A proper discussion of pumping considers not just the 
pump, but the entire pumping “system” and how the system 
components interact. The recommended systems approach to 
evaluation and analysis includes both the supply and demand 
sides of the system. 


PUMPING SYSTEM HYDRAULIC CHARACTERISTICS 

In a pumping system, the objective, in most cases, is 
either to transfer a liquid from a source to a required destination, 
e.g., filling a high-level reservoir, or to circulate liquid around a 
system, e.g., as a means of heat transfer. Pressure is needed to 
make the liquid flow at the required rate and this must overcome 
losses in the system. Losses are of two types: static and friction 
head. Static head, in its most simple form, is the difference in 
height of the supply and destination of the liquid being moved, 
or the pressure in a vessel into which the pump is discharging, if 
it is independent of flow rate. Friction head (sometimes called 
dynamic head loss), is the friction loss on the liquid being 
moved, in pipes, valves, and other equipment in the system. This 
loss 1s proportional to the square of the flow rate. A closed-loop 


circulating system, without a surface open to atmospheric pres- 
sure, would exhibit only friction losses. 


VARIABLE SPEED PUMPING — A GUIDE TO SUCCESSFUL APPLICATIONS 


Most systems have a combination of static and friction 
head. The ratio of static to friction head over the operating range 
influences the benefits achievable from VSDs. Static head is a 
characteristic of the specific installation. Reducing this head 
whenever possible generally reduces both the cost of the instal- 
lation and the cost of pumping the liquid. Friction head losses 
must be minimized to reduce pumping cost, but after eliminating 
unnecessary pipe fittings and length, further reduction in friction 
head will require larger diameter pipes, which adds to installa- 
tion cost. 


PUMP TYPES 


Proper selection of pumps, motors, and controls to meet 
the process requirements is essential to ensure that a pumping 
system operates effectively, reliably, and efficiently. All pumps 
are divided into the two major categories of positive displace- 
ment (PD) and rotodynamic. 

PD pumps can be classified into two main groups: rotary 
and reciprocating. Rotary pumps typically work at pressures up 
to 25 Bar (360 pounds per square inch [psi]). These pumps transfer 
liquid from suction to discharge through the action of rotating 
screws, lobes, gears, rollers, etc., which operate within a rigid 
casing. Reciprocating pumps typically work at pressures up to 
500 Bar. These pumps discharge liquid by changing the internal 
volume. Reciprocating pumps can generally be classified as having 
a piston, plunger, or diaphragm, displacing a discrete volume of 
liquid between an inlet valve and a discharge valve. The rotary 
motion of the driver, such as an electric motor, is converted to the 
reciprocating motion by a crankshaft, camshaft, or swash-plate. 

The performance of a pump can be expressed graphically 
as head against flow rate. The rotodynamic pump has a curve 
where the head falls gradually with increasing flow. However, for 
a PD pump, the flow is almost constant whatever the head. It is 
customary to draw the curve for PD pumps with the axes 
reversed, but for comparison, a common presentation is used 
here for the two pump types. 


Figure ES-1. Performance curve for a 


Figure ES-2. Performance curve for a positive 
rotodynamic pump 


displacement pump 
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Figure ES-3. System curve and a performance Figure ES-4. System curve and a performance 


curve for a rotodynamic pump curve for a positive displacement pump 


INTERACTION OF PUMPS AND SYSTEMS 


When a pump is installed in a system, the effect can be 
illustrated graphically by superimposing pump and system curves. 
The operating point will always be where the two curves intersect. 

For a PD pump, if the system resistance increases, 1.e., the 
system curve is moved upwards, the pump will increase its dis- 
charge pressure and maintain a fairly constant flow rate, depend- 
ent on viscosity and pump type. Unsafe pressure levels can occur 
without relief valves. For a rotodynamic pump, an increasing 
system resistance will reduce the flow, eventually to zero, but the 
maximum head is limited. 

Even so, this condition is only acceptable for a short period 
without causing problems. Adding comfort margins to the calcu- 
lated system curve to ensure that a sufficiently large pump is 
selected will generally result in installing an oversized pump. 
The pump will operate at an excessive flow rate or will need to 
be throttled, leading to increased energy use and reduced pump 
life. Many pumping systems require a variation of flow or pres- 
sure. Either the system curve or the pump curve must be changed 
to get a different operating point. Where a single pump has been 
installed for a range of duties, it will have been sized to meet the 
greatest output demand. It will therefore usually be oversized, 
and will be operating inefficiently for other duties. Consequently, 
there is an opportunity to achieve an energy cost savings by using 
control methods, such as variable speed, which reduce the power 
to drive the pump during the periods of reduced demand. 


EFFECTS OF SPEED VARIATION ON ROTODYNAMIC PUMPS 


A rotodynamic pump is a dynamic device with the head 
generated by a rotating impeller. Thus, there is a relationship 
between impeller peripheral velocity and generated head. 
Peripheral velocity is directly related to shaft rotational speed, 
for a fixed impeller diameter. Varying the rotational speed there- 
fore has a direct effect on the pump’s performance. The equations 
relating rotodynamic pump performance parameters of flow to 
speed, and head and power absorbed to speed, are known as the 
Affinity Laws. 

Changing pump impeller diameter also effectively 
changes the duty point in a given system, and at low cost, but this 
can be used only for permanent adjustment to the pump curve 
and is not discussed further as a control method. For systems 
where friction loss predominates, reducing pump speed moves 
the intersection point on the system curve along a line of constant 
efficiency (see Figure ES-5). The operating point of the pump, 
relative to its best efficiency point, remains constant and the 
pump continues to operate in its ideal region. The Affinity Laws 
are obeyed, which means that there is a substantial reduction in 
power absorbed accompanying the reduction in flow and head, 
making variable speed the ideal control method. 

However, in systems with high static head, the system 
curve does not start from the origin but at some non-zero value 
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Figure ES-5. Example of the effect of pump speed change in a system with only friction loss 


on the y-axis corresponding to the static head. Hence, the system 
curve does not follow the curves of constant efficiency. Instead, 
it intersects them (see Figure ES-6). The reduction in flow is no 
longer proportional to speed; a small turn down in speed greatly 
reduces flow rate and pump efficiency. A common mistake is to 
also use the Affinity Laws to calculate energy savings in systems 
with static head. Although this may be done as an approximation, 
it can also lead to major errors. 

It is relevant to note that flow control by speed regulation 
is always more efficient than by a control valve. In addition to 
energy savings, there could be other benefits to lower speed. The 
hydraulic forces on the impeller, created by the pressure profile 
inside the pump casing, reduce approximately with the square of 
speed. These forces are carried by the pump bearings, and so 
reducing speed increases bearing life. It can be shown that for a 
rotodynamic pump, bearing life is proportional to the seventh 
power of speed. In addition, vibration and noise are reduced and 
seal life is increased, provided that the duty point remains with- 
in the allowable operating range. 
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Figure ES-6. Example of the effect of pump speed change in a system with high static head 


EFFECT OF SPEED ON PUMP SUCTION PERFORMANCE 


Liquid entering the impeller eye turns and is split into sep- 
arate streams by the leading edges of the impeller vanes, an 
action that locally drops the pressure below that in the inlet pipe 
to the pump. If the incoming liquid is at a pressure with insuffi- 
cient margin above the vapor pressure, then vapor cavities, or 
bubbles, appear along the impeller vanes just behind the inlet 
edges. These collapse further along the impeller vane where the 
pressure has increased. This phenomenon is known as cavitation, 
and has undesirable effects on pump life. Increasing pump speed 
will negatively affect pump suction performance and should be 
thoroughly investigated. Conversely, reducing speed will have a 
positive effect. 
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EFFECTS OF SPEED VARIATION ON POSITIVE DISPLACEMENT PUMPS 


To control flow in a PD pump, the speed needs to be 
changed or some of the flow has to be diverted. Throttling is not 
effective and is potentially dangerous. For many applications, 
some small flow rate changes need to be made while holding the 
pressure constant, and this is best achieved with a pressure-regu- 
lating valve. Such a valve will spill a small amount of liquid back 
to the source to maintain a constant system pressure. This will 
accommodate small amounts of wear in any restricting device; 
however, the use of such a valve to spill large volumes of liquid 
will be very inefficient, with the loss of energy manifesting as 
heat and noise. 

A VSD is the preferred option for an application where 
the flow needs to vary on a regular basis. This is the most efficient 
method of flow control and it does not waste any of the shaft input 
energy. 

For a PD pump, the flow is proportional to speed, but the 
pressure can be independent of speed. Consequently, power and 
energy savings do not fall so quickly when speed is reduced. 
Sometimes it is necessary to operate PD pumps over a wider 
speed range than rotodynamic pumps, typically up to 10:1. This 
large speed range and the characteristics of PD pumps have 
implications for both the pump and the drive train, including: 

e Lower or higher operating speeds may require special 
consideration with respect to the method or type of 
lubrication and/or cooling. 

e The motor may not be adequately cooled at the lowest 
speed. A separately driven fan may need to be considered. 

e The flow rate may be so low that the valve opening is too 
small to be sustainable under the different forces, and 
the valve could flutter. 

e The energy from the drive-train inertia becomes too 
small to smooth the torque ripple and the motor starts to 
hunt. Two possible solutions are a motor running at a 
higher speed with a bigger drive-train reduction ratio, or 
a compensating flywheel. 

e At the system design stage, the constant torque charac- 
teristic and possible low-speed torque effects must be 
considered, because they impose demands on electronic 
VSDs. 

e When liquids containing solids with a high settling rate 
are pumped, excessive solids accumulation can occur in 
the pump, causing wear. It is paramount, when reducing 
speed with such liquids, that the velocity be maintained 
high enough in the pump and in the pumping system to 
avoid settling out of the solids. 

e A change in liquid temperature and viscosity could lead 
to cavitation. 


MOTORS 


There are many types of pump prime movers available 
(such as diesel engines and steam turbines) but the majority of 
pumps are driven by an electric motor. Although this guide is 
principally about pumps and VSDs, it is important to appreciate 
that, on a typical industrial site, motor-driven equipment 
accounts for approximately two-thirds of electricity consump- 
tion. Improvements in motor efficiency, by using high-efficiency 
motors, can offer major energy savings and short payback. Many 
of the principles outlined in the guide apply to all motors on a 
site, not just those used as pump prime movers. 
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VARIABLE SPEED DRIVES 


There are several types of VSDs, as shown in Figure ES-7. 
In applications that require flow or pressure control, particularly 
in systems with high friction loss, the most energy-efficient 
option for control is an electronic VSD, commonly referred to as 
a variable frequency drive (VFD). The most common form of VFD 
is the voltage- source, pulse-width modulated (PWM) frequency 
converter (often incorrectly referred to as an inverter). In its sim- 
plest form, the converter develops a voltage directly proportional 
to the frequency, which produces a constant magnetic flux in the 
motor. This electronic control can match the motor speed to the 
load requirement. 

This eliminates a number of costly and energy inefficient 
ancillaries, such as throttle valves or bypass systems. 


SELECTION PROCESS — NEW SYSTEMS 


It is essential to commence the sizing exercise with the 
hydraulic system, and to work systematically to select the pump, 
motor, and drive. When the pump maximum duty is known, the 
peak power and speed for the drive will become clear. It is com- 
mon to oversize system components (pumps, motors, and drives); 
however, this practice is not recommended because it leads to 
higher initial equipment costs and higher life cycle costs. 

When selecting a rotodynamic pump in combination with 
a VSD for a system with some static head, a pump should be cho- 
sen such that the maximum flow rate is slightly to the right-hand 
side of the best efficiency point (BEP). The exception is for a 
constant flow regulated system, in which case the recommendation 
is to select a pump that operates to the left of BEP at maximum 
pressure. This approach optimizes pump operating efficiency. 

All operating conditions must be considered when design- 
ing the system. Some operating profiles may be satisfied best by 
installing multiple pumps, which could be fixed or variable 
speed. On/off control can be used to vary flow rate for systems 
in which an intermittent flow is acceptable. This can be an ener- 
gy-efficient solution, but these systems often require a liquid 
storage facility. 


SELECTION PROCESS — RETROFITTING TO EXISTING 
EQUIPMENT 


There are approximately 20 times more pumps in service 
than are supplied new every year. It is therefore apparent that a 
major opportunity exists for modifying installed systems to make 
them more energy efficient. Most system designers allow a con- 
tingency on the system head required. It 1s estimated that 75% of 
pump systems are oversized, many by more than 20%. It follows 
that retrofitting with VSDs could match pump systems to actual 
system requirements more accurately and save considerable 
amounts of energy. 

When considering adding a VSD to an existing motor, 
care should be taken to match the electrical characteristics of the 
motor and frequency converter; otherwise, the risk of premature 
failure is introduced into the system. Early frequency converters 
produced outputs with a very high harmonic content in the wave- 
form, which caused substantial additional heating of motor 
windings, and therefore motors were derated for inverter use. A 
modern inverter output causes relatively small levels of harmonic 
current distortion in the motor windings, and therefore little 
derating is normally required. High-efficiency motors are less 
affected by harmonics than standard efficiency types. 


78 Electric Motors and Variable Frequency Drives Handbook - Vol. 4 


BENEFITS OF VSDS 


VSDs offer several benefits, 
some of which are relatively easy to 
quantify, and others of which are less 
tangible, but there are some potential 
drawbacks, which must be avoided. 


ENERGY SAVINGS 
With rotodynamic pump Variable 
installations, savings of between 30% ue 
and 50% have been achieved in many 
installations by installing VSDs. 
Where PD pumps are used, energy 
consumption tends to be directly pro- 
portional to the volume pumped and 
savings are readily quantified. 


IMPROVED PROCESS CONTROL 


By matching pump output flow 
or pressure directly to the process 
requirements, small variations can be 
corrected more rapidly by a VSD than 
by other control forms, which 
improves process performance. There 
is less likelihood of flow or pressure 
surges when the control device pro- 
vides rates of change, which are virtu- 
ally infinitely variable. 


IMPROVED SYSTEM RELIABILITY 


Any reduction in speed 
achieved by using a VSD has major 
benefits in reducing pump wear, par- 
ticularly in bearings and seals. 
Furthermore, by using reliability 
indices, the additional time periods 
between maintenance or breakdowns 
can be accurately computed. 
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Figure ES-7. Types of Variable Speed Drives 


POTENTIAL DRAWBACKS OF VSDS 


VSDs also have some potential drawbacks which can be 
avoided with appropriate design and application. 


STRUCTURAL RESONANCE 


Resonance conditions can cause excessive vibration levels 
which, in turn, are potentially harmful to equipment and environ- 
ment. Pumps, their support structure, and piping are subject to a 
variety of potential structural vibration problems (resonance con- 
ditions). Fixed-speed applications often miss these potential res- 
onance situations because the common excitation harmonics due 
to running speed, vane passing frequency, plunger frequency, 
etc., do not coincide with the structural natural frequencies. For 
VSD applications, the excitation frequencies become variable 
and the likelihood of encountering a resonance condition within 
the continuous operating speed range is greatly increased. Pump 
vibration problems typically occur with bearing housings and the 
support structure (baseplate for horizontal applications, motor 
and stool for vertical applications). 

Pressure pulsations are the common excitation mecha- 
nism. These pressure pulsations may be further amplified by 
acoustic resonance within the pump or the adjacent piping. There 


are a number of analyses that can be performed to predict and 
avoid potential resonance situations, including: 

e Simple hydraulic resonance calculations 

e Passing frequency analysis 

e Structural resonance, for example, utilizing Finite Element 

Analysis 

e Modal testing of the actual machine. 

Modal testing can supplement the regular vibration test. 
Very often, a pump intended for variable speed operation will 
only be tested at one single speed. 


ROTOR DYNAMICS 


The risk of the rotating element encountering a lateral 
critical speed increases with the application of a VSD. Lateral 
critical speeds occur when running speed excitation coincides 
with one of the rotor’s lateral natural frequencies. The resulting 
rotor vibration may be acceptable or excessive, depending on the 
modal damping associated with the corresponding mode. 
Additionally, drive-induced torque harmonics may cause reso- 
nance conditions with torsional rotor dynamic modes. However, 
such conditions are usually correctible or preventable. Variable 
speed vertical pumps are more likely than horizontal machines to 
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exhibit operational zones of excessive vibration. This is because 
such pumps’ lower natural frequencies are more likely to coin- 
cide with running speed. Small, vertical closecoupled and multi- 
stage pumps normally do not present this type of problem. 


ADDITIONAL CONSIDERATIONS FOR VFDS 


The introduction of VFDs requires additional design and 
application considerations. VFDs can be fitted to most existing 
motors in Europe and other areas, which use a 400 Volt (V) net- 
work. However, this is generally not the case in the United 
States, and other areas where network voltages exceed 440 V. 
Hence, reinforced insulation “inverter duty” motors are often 
needed. The high rate of switching in the PWM waveform can 
occasionally lead to problems. 

For example: 

e The rate of the wavefront rise can cause electromagnetic 
disturbances, requiring adequate electrical screening 
(screened output cables). Filters in the inverter output can 
eliminate this problem. 

e Older motor insulation systems may deteriorate more 
rapidly due to the rapid rate of voltage change. Again, 
filters will eliminate this problem. 

e Long cable runs can cause “transmission line” effects, 
and cause raised voltages at the motor terminals. Voltages 
can be induced in the shafts of larger motors, potentially 
leading to circulating currents which can destroy bear- 
ings. The following corrective measures are required: 

e Insulated non-drive-end bearings are recommended on 
all motors over 100 kilowatt (kW) output rating. 

e Common mode filters may additionally be required for 
higher powers and voltages. 

The converter will have losses, and ventilation require- 
ments for the electronics can be an important issue. The life 
expectancy of the converter is generally directly related to the 
temperature of the internal components, especially capacitors. 
The converter may require installation in a less onerous environ- 
ment than the motor control gear it replaces. Specifically: 

e Electronics are less able to cope with corrosive and 

damp locations than conventional starters. 

e Operating a VED in a potentially explosive atmosphere 
is not usually possible. 


ESTIMATING PUMPING ENERGY COSTS 


To compare different system and pumping equipment pro- 
posals and make an intelligent choice, some basic facts will need 
to be established. 

e Will the process require varying flow rate and, if so, must 
it be continuously variable or can flow rate be varied in 
steps? 

e Can on-off batch pumping be used? 

e What is the peak flow rate and how is the flow rate dis- 
tributed over time? 

The answers to these questions will determine if, and how, 
to regulate the flow. It will also give some guidance regarding the 
pumping system design. A helpful way of showing the flow 
demand is to use a duration diagram. A duration diagram in its 
simplest form (see Figure ES-8) shows how many hours during 
a year that a given flow rate is needed — the dashed line. The solid 
curve in the same diagram is interpreted differently. Each point 
on the solid curve tells how many hours during a year the flow 
rate exceeds the value on the y-axis. 





Figure ES-8. Example of a duration diagram 


This diagram is instrumental in understanding the pumping 
needs. The system must be able to deliver the peak flow but, 
from an economic point of view, it is also important to know at 
what flow rates the system is going to operate most of the time. 
To find the total cost of operating the pump, the running cost at 
each operating condition must be calculated and summated. 


CAPITAL COST SAVINGS 


When designing and installing a new pumping system, the 
capital cost of a VSD can often be offset by eliminating control 
valves, bypass lines, and conventional starters, as explained below. 


ELIMINATION OF CONTROL VALVES 


Control valves are used to adjust rotodynamic pump out- 
put to suit varying system requirements. Usually a constant- 
speed pump is pumping against a control valve, which is partially 
closed for most of the time. Even at maximum flow conditions, 
a control valve is normally designed to be 10% shut, for control 
purposes. Hence, a considerable frictional resistance is applied. 
Energy is therefore wasted overcoming the added frictional loss 
through the valve. Using a VSD to control flow can eliminate the 
control valve. 


ELIMINATION OF BYPASS LINES 


All fixed-speed centrifugal pumps have a minimum flow 
requirement. If the pump is operated at flow rates below the min- 
imum for extended periods, various mechanical problems can 
occur. If the flow requirements in a system can drop below this 
minimum flow capacity, it is necessary to install a constant or 
switched bypass to protect the pump. The use of a VSD greatly 
reduces the volume to be bypassed. 


FINANCIAL JUSTIFICATION 


The initial cost of pumping equipment is often a very 
small part of the total life cycle cost (LCC). An LCC analysis is 
therefore a very appropriate way to compare different technical 
alternatives in the design of a pumping system and make a finan- 
cial justification. The components of an LCC analysis typically 
include initial costs, installation and commissioning costs, energy 
costs, operation costs, maintenance and repair costs, downtime 
costs, environmental costs, and decommissioning and disposal 
costs (see Figure ES-9). The LCC equation can be stated as: 


LOC = EA EA Es t Cn t Cst Ciny + Ed 
C = cost element 
ic = initial cost, purchase price (pump, system. pipes, auxiliaries) 
in = installotion and commissioning 
e= energy costs 
o = operating cost (labor cost of normal system supervision) 
m = múintenance cost (parts, man-hours) 
s = downtime, loss of production 
env = environmental costs 
d= decommissioning 


80 Electric Motors and Variable Frequency Drives Handbook - Vol. 4 


A very well documented guide, Pump Life Cycle Costs: 
LCC Analysis for Pumping Systems’, has been published jointly 
by Hydraulic Institute and Europump. This guide explains how 
the operating costs of a pumping system are influenced by system 
design and shows in detail how to use a life cycle cost analysis 
to make comparative cost assessments. Many case studies have 
been included in the guide to highlight the value of possible 
savings in real applications. 
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Figure ES-9. Typical LCC components for a medium sized industrial pumping system 


EXAMPLE: VARIABLE SPEED DRIVES FITTED ON A 
PRIMARY FEED PUMP AND PRODUCT TRANSFER PUMP 
IN A REFINERY 


SUMMARY 


At a San Francisco refinery, installing a VFD on a product 
transfer pump saved €/$120,000 (euros/U.S. dollars) per year, 
and on a primary feed pump, saved €/$220,000. Vibration was 
reduced and mechanical seal and bearing failures have been 
eliminated. There was no investment cost to the refinery, but sav- 
ings were shared with the contractor who provided the capital 
investment. 


OTHER POTENTIAL APPLICATIONS 


Suitable applications include any in which the pump is 
sized for an intermittent maximum flow rate but runs mostly at a 
reduced (but variable) rate. 


INVESTMENT COST 

The energy services contractor agreed to install the VFDs 
and upgrade the equipment at no charge to the refinery, but took 
a share of the savings. The total investment was €/$1.2 million. 


SAVINGS ACHIEVED 
Over the course of a year, the VFDs saved €/$340,000 
and the total project saved €/$750,000 per year. 


PAYBACK PERIOD 


Overall payback was about 1.6 years, but this was not 
applicable to the refinery, which gained immediately with its 
share of the savings. 


INSTALLATION AND OPERATION DETAILS 


Conversion of the refinery’s vacuum gas oil plant to a 
Diesel Hydro Treater (DHT) left the pumps grossly oversized. 
Several were often operating at 40% of best efficiency point, 
causing low hydraulic efficiency, excessive vibration, and seal or 
bearing failure about once a year. 

The full range of upgrades consisted of: 

e Installing VFDs on the 1,650-kW (2,250-horsepower 

[hp]) primary feed pump and on the 500-kW (700-hp) 
product transfer pump 
e Replacing the internal elements on the 1,650-kW 
(2,250-hp) secondary feed pump and on a 400-hp Power 
Recover Turbine (PRT) 

e Changing operating procedures for the main 3,700-kW 
(5,000-hp) and 3,000-kW (4,000-hp) back-up pumps. 

Installing the VFDs on the primary feed pump and prod- 
uct transfer pump saved energy by reducing losses through flow 
control valves. The energy saved from using VFDs was 500,000 
kWh per month. Resizing the PRT and secondary feed pump, 
along with a more energy-efficient operating procedure for the 
back-up pumps, saved another 500,000 kWh per month. Cost 
savings shared by the refinery and contractor were €/$340,000 
from the variable speed pumps and €/$750,000 overall. The 
demand charge previously levied on the DHT process was elim- 
inated. Since the upgrade, there have been no seal or bearing fail- 
ures and process control has improved. It should be noted that a 
VED was not considered appropriate for all the oversized pumps. 
If the flow rate does not vary, then resizing the pump (e.g., 
replacing the impeller and diffuser element), reduced impeller 
diameters, or even a new pump will usually give greater lifetime 
cost savings and better payback than a VSD. 


Electric Motors and Variable Frequency Drives Handbook - Vol. 4 81 


ELEVATOR DRIVE CONTROL SYSTEMS 


by Shigeki Yamakawa and Hiroshi Gokan* Courtesy: Mitsubishi Electric 


* Shigeki Yamakawa is with the Inazawa Works and Hiroshi Gokan is with the Design Systems Engineering Center. 


Mitsubishi Electric has developed a new elevator-control 
ASIC that is more highly integrated with better control perform- 
ance than the company’s first elevator control LSIs released in 
1995. The company’s first car control system employed two 
microprocessors, one for sequencing and speed control, the other 
to generate PWM current control signals for the converter and 
inverter. 

All major functional blocks — the elevator current-control 
processor, PWM generator and the 8-bit speed feedback proces- 
sor — have been integrated into a monolithic device, reducing the 
size and complexity of the peripheral circuits. Better arithmetic 
processing performance provides improved current-control 
response, implementing short-circuit protection and controlling 
torque ripple without the voltage feedback circuit previously 
used for this purpose. 

Engineering the device required development of tools for 
design and verifying system behavior. Development time was 
reduced by developing hardware and software concurrently. 


CONTROL SYSTEM 


Fig. 1 shows the control system configuration for a high- 
speed elevator. Fig. 2 shows the functional blocks of the elevator 
control ASIC, which we call AML for “associated management 
logic.” Most of the logic functions for controlling the elevator 
and its traction motor are contained in this single device. The few 
external components include the car control processor (CCP) and 
ADCs. 
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Figure 1. Configuration of high-speed elevator control system 


The motor control processor (MCP) is an original RISC 
processor core developed to generate current-control commands 
for the inverter and converter. The PWM unit generates pulse- 
width modulated signals corresponding to the MCP current com- 
mands. The encoder counting unit (ECU) tallies pulses from 
encoders and generates phase data for the MCP and speed and 
position data for the CCP. The CCP is an external 32-bit processor 





that performs car equipment sequencing and processes user com- 
mands to implement the highest level of elevator control. The 
CCP exchanges data with the MCP via dual-port memory on the 
AML chip using bus control logic also contained on the AML 
chip. 
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Figure 2. AML chip configuration 


MCP CALCULATION PERFORMANCE 


The 6us inverter dead time (Td) in previous systems 
would result in error in the output-current zero-cross point, 
requiring addition of a voltage feedback circuit. The faster cur- 
rent calculations of the new MCP permit the current feedback 
loop to respond more quickly, reducing distortion in the output 
current waveforms so that motor control is more accurate. Tests 
on an actual elevator were used to verify that the intended cur- 
rent control response would be fast enough to eliminate these 
error sources and with them, the need for a voltage feedback cir- 
cuit. Fig. 3 shows car vibration for various crossover current 
angular frequencies in a high-speed elevator operating at low 
speed. The data in Fig. 3a is for a conventional control system 
with a voltage-feedback circuit to compensate for Td. 

The system in Fig. 3d shows comparable performance 
without a compensation circuit for _c = 5,000 radians/s. This 
capability was achieved by reducing the time required for the 
MCP to complete a current calculation cycle to under 50us. 


MCP DATA TRANSFER SYSTEM 


On initialization, the CCP reads the MCP control program 
from external flash memory and loads it into synchronous 
SRAM located directly on the AML chip. This allows the soft- 
ware to be easily updated to accommodate increases in processor 
speed and other improvements. The SRAM’s fast access allows 
one instruction to be executed per clock cycle at speeds up to 
40MHz. Following initialization in the normal operating mode, 
the CCP transfers torque command values to the MCP at 5ms 
intervals. The MCP uses these commands to calculate correspon- 
ding converter and inverter current values at 50us intervals. 
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Independent data registers on both devices allow data transfers 
despite the different device operating speeds. 


MCP CORE CONFIGURATION 


An original RISC core was designed to perform current 
control calculations while permitting integration on the AML 
chip. We analyzed the motor control software instructions and 
adopted a 16-bit fixed-length word instruction set with 48 
instructions. Fig. 4 shows the core configuration. 

Arithmetic, specifically 32-bit addition and 16-bit multi- 
plication, is performed by a 32-bit fixed-point processor. A three- 
stage load-calculates-store pipeline with parallel execution per- 
mits one instruction to be executed per clock cycle. An original 
assembler was written to support operating software development. 


TOP-DOWN DESIGN METHODOLOGY 


Fig. 5 shows the flow of the process used to design and 
verify the AML chip’s functionality. We used the best available 
development tools to design and verify each functional block. 
Designs for the high-level circuits of the MCP core were entered 
and their functions simulated using the Zuken-Vps virtual proto- 
typing tool. Design entry for the rest of the circuit blocks was 
conducted using Verilog’s Hardware Description Language 
(HDL) with functional simulation performed using Verilog-XL 
from Cadence Design Systems. Logic synthesis was conducted 
using Design Compiler from Synopsys Inc. Static timing analy- 
sis tools supplied by the ASIC vendor were used to reduce the 
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time required for delay simulations. Scan path design automatic 
test pattern generation was used to support a fully concurrent 
design process. 


AML CHIP DEBUGGING 


Fig. 6 shows the debugging process flow. We used a vir- 
tual debugging method in which the MCP operation is expressed 
in C and linked with the Matlab control system analysis tool 
from The Mathworks, Inc. to analyze the converter and inverter 
operation. Meanwhile, machine code compiled using the MCP 
assembler is loaded onto the MCP logic circuits designed on 
Zuken-Vps and operation is simulated. The register contents of 
the two simulations are compared with identical register contents 
taken as acceptance criteria. 


BREADBOARD QUALIFICATION 


Prior to fabricating the AML chip, we constructed an 
equivalent logic prototype controller using six field-programmable 
gate arrays (FPGAs) and one masked gate array device. 

Hardware and software debugging was performed using 
this controller to operate an actual elevator in a test building. 

The AML elevator control ASIC cuts the size and cost of 
elevator control units. 

Development of the 250,000 gate device was completed 
in ten months, and methods to support larger device scales were 
established. 
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Figure 4. Configuration of MCP core 
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Figure 5. MCP debugging flow 
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APPLICATION OF BRUSHLESS DC DRIVES IN BLOW MOLDING 


BY EDWARD C. LEE, POWERTEC INDUSTRIAL CORPORATION 


Abstract: Variable speed drives used in Blow Molding 
have changed little in the last 20 years or more even though sub- 
stantial technology advances have taken place in other areas of 
the Blow Molding process. A new variable speed technology has 
become available in the last 5 years and several blow molding 
manufacturers and users have taken advantage of this advance- 
ment and are using Brushless D.C. drives for the extruder function 
as well as for rotating molds. This paper addresses the advantages 
this new Brushless technology brings to variable speed drives in 
general and Blow Molding Machines in particular. Areas specif- 
ically addressed include efficiency, accuracy, power factor, 
size, harmonics, and speed range. A basic description of how 
Brushless D.C. works and a comparison to other types of variable 
speed is given. With increasing emphasis on product quality at 
lower costs, the need for modernizing the Blow Molding Machine 
becomes ever more important. 


I. INTRODUCTION 


The first variable speed drives were certainly mechanical 
and were based on adjustable pitch diameter pulleys. Such systems 
are still in use but for obvious reasons are not in general uses in 
industrial applications today. There are four basic types of elec- 
trically adjustable speed drives being installed in today’s modern 
industrial machines: 

e DC Brush type motors and controllers 

e DC Brushless motors and controllers 

e AC Variable frequency controllers and induction motors 

e AC Vector controllers and induction motors 

Historically, the brush type DC motor has been nearly the 
exclusively used variable speed drive on blow molding 
machines. The use of AC variable frequency and AC vector 
drives on blow molding machines has been almost nil and will 
not be covered in this paper [1]. A rather unique type of brush 
motor called a brush shifter was popular on early machines. The 
Brush rigging was moved mechanically by a small servo motor 
to control the speed. Electronically it was quite simple but the 
motor itself was quite complicated to manufacture and repair and 
most of the machines using such motors in the US have had the 
motors replaced by conventional brush DC machines with speed 
changed by the use of a thyristor controlled armature voltage 
controller. The Brushless DC drive can be a direct replacement 
for the brush DC drive and is the subject of this paper. 


II. HISTORY OF BRUSH TYPE DC DRIVES 


The brush DC motor was invented in 1856 by Werner Von 
Siemens in Germany. Variable speed by armature voltage control 
was first used in the early 1930s using a system involving a con- 
stant speed AC motor driving a DC generator. The generator’s 
DC output was varied using a rheostat to vary the field excitation 
and the resulting variable voltage DC was used to power the 
armature circuit of another DC machine used as a motor. This 


system was called a Ward-Leonard system after the two people 
credited with its development. The Ward-Leonard method of DC 
variable speed control continued until the late 1960s when 
Electric Regulator Company brought to market a practical, gen- 
eral purpose, static, solid state controller that converted the AC 
line directly to rectified DC using SCR (thyristor) devices. That 
technology was adopted by virtually all manufacturers and still 
is in use today. It is a very simple power control concept and uses 
the fewest number of parts possible to produce variable speed 
from an electric motor. 


Ill. CHARACTERISTICS OF DC DRIVES 


The DC motor works on the principle that speed of the 
shaft is a direct function of the applied armature voltage. To a 
lesser extent, field control can be used for speed control but it is 
not widely used except for winders and constant HP applications 
and will not be discussed here. At zero volts applied to the arma- 
ture, the motor will run at zero speed, while at rated voltage (500 
vdc for most industrial motors over a few hp), the motor will run 
at rated speed (1750 rpm has developed as a “standard’’). The 
motor will produce torque based on a similar relationship with 
current. The torque produced by a DC motor will vary directly 
with armature current. These two simple characteristics make the 
DC motor continue to be the most popular means of variable 
speed control in use today for constant torque industrial applica- 
tions. DC motors are very efficient in converting electrical ener- 
gy to mechanical energy with typical values of 90 to 92% for 
sizes from 10 to 75 hp. Controller efficiency is very high and 
averages 98% making the overall Efficiency 88 to 90% for the 
range of 5 to 75 HP. Unfortunately, the SCR, while being an effi- 
cient power conversion device, does so by varying the point on 
the AC voltage waveform at which current begins to flow. This 
means at mid- to low-output voltages, the power factor at which 
the power is used is very low [5]. 

While some years ago, this was not such a cause for concern, 
power companies are becoming more insistent that industrial users 
keep power factors up to at least .8 or higher. There are selfish rea- 
sons for the industrial user to keep power factors high as well since 
it reduces the size of transformers, breakers, fuses, and conductors 
in the power system. See the summary section on power factor. 


IV. HISTORY OF BRUSHLESS D.C. 

The earliest evidence of a Brushless DC motor was in 
1962 when T.G. Wilson and P.H. Trickey made a “DC Machine 
with Solid State Commutation”. It was subsequently developed 
as a high torque, high response drive for specialty applications 
such as tape and disk drives for computers, robotics and position- 
ing systems, and in aircraft where brush wear was intolerable due 
to low humidity. 

Unfortunately, the technology to make such a motor prac- 
tical for industrial use over 5 hp simply did not exist until a number 
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of years later. With the advent of powerful and permanent mag- 
net materials and high-power, high-voltage transistors in the 
early to mid 80s the ability to make such a motor practical 
became a reality. The first large Brushless DC motors (50 hp or 
more) were designed by Robert E. Lordo at POWERTEC 
Industrial Corporation in the late 1980s. Today, almost all of the 
major motor manufacturers make Brushless DC motors in at 
least some horsepower sizes and POWERTEC makes Brushless 
DC from 1/2 to 300 hp as a complete product line. 

Brushless DC has had a substantial impact in some industry 
market areas, primarily Plastics and Fibers, and most recently a 
mining company has put several of these drives at 300 hp ratings 
operating coal conveyors in underground mines. The drives work 
on the same principle as all DC motors but the motor is built 
“inside out” with the fields (which are permanent magnets) on 
the shaft of the motor and the “armature” on the outside. The 
fields turn and the “armature” stays stationary. To duplicate the 
action of the commutator (which no longer needs to exist since 
the winding is now stationary), a magnetic encoder is mounted to 
the shaft of the motor to sense the magnetic position of the fields 
on the shaft. The controller “sees” the magnetic position infor- 
mation and determines through simple logic which motor lead 
should have current going to a winding and which motor lead 
should return the current from the winding. The controller has 
power devices which connect the voltage on a capacitor bank to 
the correct motor lead at the correct time when the shaft encoder 
demands it. In this way, the motor and controller act in the same 
way as a brush DC motor but without the brushes. The controller 
is built in a very similar way to the controller used in an AC vari- 
able frequency drive or in an AC Vector drive because all three 
types use a PWM type of variable voltage control to their respec- 
tive motors. 


V. BRUSHLESS DC CHARACTERISTICS 


Voltage on the motor determines speed and current in the 
motor determines torque. These relationships are linear and nearly 
identical to a standard Brush DC drive. The application of the 
product then is essentially like the more familiar brush machine. 
Speed accuracy is very high, in fact with the most widely used 
Brushless drive, the accuracy is synchronous (0% speed error) 
due to a digital encoder and drive controller position regulation. 
Torque to inertia ratios are very high providing high accel/decel 
rates and excellent dynamic response. Controller bandwidth ( 30 
to 40 Hz) is 5 to 8 times higher [7] than the Brush DC drive. 

Motor thermal characteristics is the major advantage of 
Brushless DC in that a thermal speed range of 100 to 1 at full 
rated torque is available on the standard motor and totally 
enclosed motors are available in very small frame sizes. Motor 
efficiencies range from 90 to 96% and controller efficiency is 
97% giving overall efficiencies better than brush DC systems. 


VI. BLOWMOLDING APPLICATIONS ADVANTAGES 


In general, the characteristics of Brushless DC that are 
most advantageous to the blow molding process are: 

e Very precise average speed control over a very wide speed 
range. 

e Precise instantaneous speed control due to high dynamic 
response 

e Constant power factor means lowest possible input current. 

e Small physical size of motor compared to brush type. 

e No recurring motor maintenance (brush replacement) 

e Feedback device (encoder) is inside the motor not out- 


side. 

e Higher efficiency overall. 

The blow molding process always involves an extruder of 
some kind and the variable speed drive on the extruder has to 
provide an output sufficient to allow the parison to be formed in 
time to meet the cycle requirements. Since the final product may 
require more or less volume of plastic for different shapes and 
because the cycle time varies, hence the requirement for variable 
speed. The result of inconsistent speed control is simply that 
more (or less!) material than is necessary to make the part will be 
extruded. Speed control consistency, therefore, 1s important to 
the production of a consistent product. 

Speed that either drifts slowly from the setpoint speed 
over a long period of time, or speed that changes rapidly as a 
function of load, line voltage, AC line voltage, and/or other 
effects changes the process and ultimately either affects product 
quality or waste. 

In the cases where rotary (wheel type) molds are used, the 
wheel drive must be coordinated with the extruder so the parison 
is the right size when the mold is ready to clamp. If the average 
rotational speed of the wheel is incorrect, the result is the same 
as if the extruder were running the wrong speed since the rela- 
tionship of parison size to mold position would be off. One factor 
not necessarily considered however, is that even though the aver- 
age rotational speed may be correct, the instantaneous speed of 
the wheel may be varying substantially. This is due to the fact 
that the torque loads seen by the motor vary as a function of the 
angular position of the wheel since the wheel operates the mold 
opening and closing cams. This reciprocating load will cause 
problems with some parts because it will directly affect the 
instantaneous speed of the wheel and therefore the “timing” of 
mold close and release relative to the parison formation. At least 
two blowmolding manufacturers have looked at this effect and 
the results are as follows. 

Machine A: Machine had 12 stations making a large bottle. 
The machine was geared for approximately 80 bottles per minute 
at a motor speed of 1750 rpm. One test was run with a brush type 
DC motor and conventional Thyristor controller with tachometer 
feedback. Using a stroboscope synchronized the average speed 
of the motor shaft, the variation in the motor shaft position as the 
cam loading occurred could be observed. A shift of something 
between 180 degrees and 270 degrees of motor shaft rotation 
could be observed at every mold closing point. The average 
speed was also being affected causing a “drift” from the reference 
shaft position. See figure [1]. The brush drive was then removed 
and a Brushless DC drive was installed on the same machine and 
the tests were repeated. This time the change in shaft angle at the 
motor was approximately 18 to 20 degrees at every mold closing 
point and there was no change in the reference position. In other 
words the shaft average speed was being held synchronous to the 
set speed in the average sense and within 18 to 20 degrees in the 
instantaneous sense. 

To explore the potential accuracy further, an external, high 
count (600 ppr) encoder was added to the Brushless DC drive 
and the test was repeated. This time the shaft angle change with 
load was less than 4 degrees! The relationship of motor shaft 
angle to the wheel angle is 360 degrees of motor rotation equals 
16 degrees of the wheel. This relates to approximately 0.056" of 
circumference of the wheel at its largest diameter per degree of 
motor shaft rotation. Table 1 shows these data. 
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Figure 1. Wheel Mold 


Machine B: A machine by another manufacturer has a 
very large diameter wheel measuring 108" in diameter. 1750 rpm 
equals 6 rpm of the wheel. The wheel has 12 stations. An inves- 
tigation to determine the best drive to minimize any instanta- 
neous or average speed change was made and both brush type 
DC as well as AC type drives were used. The manufacturer settled 
on a Brushless DC drive. The final results of a stroboscopic study 
showed that the ring gear with a 108" pitch diameter with 3-pitch 
teeth (.33 in/tooth) did not vary either in long term average or instan- 
taneous position by more than 1 tooth. Variations of several inches 
were noted with other drive types. 


VII. POWER FACTOR 


In addition to the speed regulation and dynamic response 
characteristics of Brushless DC, the efficiency and power factor 
can be major considerations. Efficiency differences are not dra- 
matic since brush D.C. is already a high efficiency technology. 
Since the differences are small (about 2%), the potential savings 
due strictly to efficiency are not great taken by themselves except 
on large machines or a large number of smaller machines. Power 
factor differences however are very large and the potential sav- 
ings due to the combination of efficiency and power factor can 
be quite large since blowmolding machines typically run 24 
hours a day, seven days a week. 

Power factor is a term recently being given a considerable 
amount of press, primarily due to the increased pressure by util- 
ities on users to improve the operating power factors of industrial 
plants. Closely related to power factor is a harmonic current. 
Both of these are becoming very important terms because of 
penalties, extra charges, and outright refusal to allow connection 
to AC power sources unless controlled within certain parameters. 

Power factor is a measure of how much real current is 
required to operate a certain load (usually inductive) relative to 
the current to operate the same load if it were a pure electrical 
resistance [5,6]. It is defined as the ratio of real power (watts) to 


87 


apparent power (KVA). As an example, if a machine required 
100 amperes to operate with a perfect power factor (1.0, pure 
resistive load), the same machine would draw 200 amperes to do 
the same work if the power factor were .5. While the watts are 
the same in both cases, and the power meter would read the same 
in both cases, a demand meter or power factor meter would see 
the difference and the power company would obviously rather 
deliver the 100 amps than the 200 amps at the same cost! It mat- 
ters to the user however, even if the power company doesn’t care 
because a transformer, for instance (same for switch gear, fuses, 
wire, etc.) would have to be twice as large for the poor power fac- 
tor machine. Usually directly associated with this problem is a 
companion problem involving harmonic currents. When AC cur- 
rent is drawn from the line in other than a sinusoidal waveform, 
harmonic currents result that cause significant power losses and 
disruptive effects on the power source [6]. Large harmonic cur- 
rents cause both the user and the utility problems and should be 
avoided when possible. 

Brush type D.C. drives create both low power factor and 
high current harmonics due to the way in which power is converted. 
Little can be done, within practical cost constraints to prevent it. 
DC Brushless drives use power control circuitry involving a full 
wave diode bridge, capacitors, and output switches. A key item 
in the design relative to both power factor and reduced harmonic 
currents is the choke which is shown as a option in the diagram 
below. This choke must be fairly large (in the range of 2 to 5 mil- 
lihenries) to have the best effect and some kind of choke must be 
present [5] or the resulting power factor and harmonic current 
draw can be even higher than the brush type drive at some speeds 
and loads. The user should take care to insure that an appropriately 
sized choke is provided in the equipment design he is considering 
since the use of such a choke is not widespread. These chokes 
add a measurable cost to the equipment and since it is not neces- 
sary to operation, there is significant pressure on the equipment 
supplier to not include the choke in the design. Be aware that this 
choke, in order to be effective in increasing power factor MUST 
BE DOWNSTREAM OF THE DIODE BRIDGE, [6]. It will not 
work when added to the AC input side and, therefore, must be 
bought built into the equipment. 


IVPICAL PWALCOSTROL FOR AC, VECTOR, AND 
BRUSHLESS IM 





Figure 2. Choke location in power bridge 


Table 2 shows the result of calculations involving a typi- 
cal extruder running at 80 of rated load and 80% rated speed (a 
common operating condition) continuously using a brush type 
drive versus a Brushless DC drive with the appropriate buss 
choke. The figures are based on a 150 hp drive. 
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TABLE 2: Efficiency Companson brish DC to Brushless OC 


The dollar savings above are figured based only on the 
efficiency differences and do not account for the power factor 
related savings due to extra losses in wire, transformers, etc. 
which add another $1000 per year, and that does not include any 
penalties or correction costs for poor power factor. A detailed 
derivation of these numbers is not included here but can be 
obtained from POWERTEC Industrial Corporation. See the ref- 
erences at the end of this paper [8]. 


VIII. SUMMARY AND CONCLUSIONS 


While there are several options available to the manufac- 
turer and user regarding the type of variable speed drive to use on 
the Extruder and rotating mold applications of the blow molding 
machine, there are some distinct advantages in the use of the 
Brushless DC drive. While other types of drives may become 
available in the future that may provide these advantages, they 
are not yet available for general use in the HP sizes necessary for 
most blow molding machines. The Brushless DC technology is 
here and in wide use in various extrusion and related applications 
in the plastics industry. 
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USE OF VARIABLE FREQUENCY DRIVES FOR FAN 
AND PUMP CONTROL 








Natural Resources Canada 


DESCRIPTION 


In the past 10 years, variable speed control for fans, 
pumps, chillers and HVAC systems has become an affordable 
way to save energy, thanks to advances in microelectronics and 
control technology. Initially, utility companies introduced incen- 
tives to make it practical to switch from fixed speed and flow- 
throttling controls to variable frequency aves (VFDs) (Figure 1). 

Since then, more building | 
designs have been specifying VFDs, 
and many building HVAC retrofits 
can become more cost-effective by 
replacing flow controls with VFDs 
at installed costs as low as $250 per 
kilowatt. Naturally, the process must 
be carefully studied to ensure that 
the application will be successful. 


TECHNICAL SPECIFICATIONS 


Drive Specification — VFDs 
operate by converting the incoming 
AC power to a DC signal and then 
re-transmitting the power signal to 
the motor at varying frequencies and 
voltages. VFDs can operate rotating 
equipment at speeds ranging from 
nearly 0 RPM to as high as 150 percent of the rated speed for the 
motor. The use of a frequency drive requires installing high-effi- 
ciency Class F insulated motors that can withstand the variations 
in voltage and current flux. 

Applications — Some good applica- 
tions include 1) replacing outlet dampers or 
variable inlet vanes (VIVs) in supply fan sys- 
tems controlling variable air volume (VAV) 
boxes; 2) controlling air supply to multiple 
zones by adding a VFD and isolation 
dampers in zones with different occupancy 
and operating schedules; and 3) controlling 
pump speed by maintaining a pressure set- 
point. Other advantages of variable frequency 
drives include less wear on the motor due to 
reduced speed and torque, gentler starting 
through gradual acceleration, and fewer mov- 
ing parts (1.e., no damper or inlet vanes to 
wear out). Figure 2 shows a typical fan appli- 
cation requiring two VFDs with pressure con- 
trol feedback. 


Figure 1. Typical Variable Frequency 
Drive Control Panel 
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ENERGY INFORMATION 


The real energy savings from variable frequency drives 
come from the basic laws of fan and pump operation. 
Theoretically, fan power input will drop according to the cube of 
the flow rate (load). This is illustrated in the equation below: 


W.=Wx(Q:/0,) 


As an example, if the Power (W1) is at 100 percent flow 
(Q1) and the flow is reduced to 80 percent, the new Power (W2) 
will be W1 __(0.8)3 = 0.51 or 51 percent. 

When a fan is throttled back by an inlet vane, the power 
drops along with the flow rate to a certain value. However, the 
poor inlet or outlet conditions cause fan performance to suffer, 
motor efficiency drops as the load 1s removed, and power savings 
are reduced (Figure 3). In the case of a VFD, the motor and fan 
speed are reduced and the losses are much smaller, approaching 
that of the ideal case. 
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Figure 2. Schematic of VFD Installation 
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Figure 3. Energy Comparison 


COMPARISON 


Figure 3 illustrates the difference in power consumption 
of a typical VFD compared to three common retrofit applica- 
tions, including VIV control, outlet damper control and constant 
speed. To estimate the energy savings from a VFD installation, 
the duty cycle of the equipment must be established. For example, 
if a fan system was off for eight hours per day, and operated for 
eight hours at 50 percent flow, six hours at 80 percent flow and 
two hours at 100 percent flow, the power saving from VFD control 
would be 40 percent over an inlet vane and 55 percent over outlet 
damper control. 
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CASE STUDY 


In 1997, a Bank of Montreal building in Vancouver, British 
Columbia retrofitted its HVAC systems as part of a building 
upgrade. The building’s previous main air system consisted of a 
75-hp supply fan and a 40-hp return fan, which provided air for 
variable and constant volume mixing, and heating boxes that 
provided heating and cooling to various zones. The fan was fitted 
with VIVs, which modulated to maintain the pressure in the system. 
The retrofit consisted of replacing the fan motors with a 50-hp 
supply and a 25-hp return, and installing a variable frequency 
drive in place of the inlet vanes. Based on the 24-hour duty cycle 
of operation shown in Table 1, the new system saves an estimated 
$6,294 per year based on 1997 rates, with a simple payback period 
of three years. 
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EVAPORATOR FAN VARIABLE FREQUENCY DRIVE 
EFFECTS ON ENERGY AND FRUIT QUALITY 


Robert D. Morton and Mike L. McDevitt, Cascade Energy Engineering 


Our firm is at the 18-month point of a 2-year research 
project to investigate the energy and fruit quality benefits of 
evaporator fan variable frequency drives (VFDs) in controlled 
atmosphere (CA) rooms. During the 1998-1999 holding season, 
we conducted 10 comparative tests of evaporator fan VFDs in 
commercial CA rooms in Washington state. In each test, a room 
with fruit in bins and an evaporator fan VFD was compared to 
second room that used an alternate fan control strategy (baseline 
control). Depending on the site, the baseline fan control was con- 
tinuous fan operation, alternating fan operation, or fan cycling. 
The field trials consistently showed that using VED instead of 
alternate fan control resulted in excellent energy savings. Also, 
the tests showed that using VFD fan control reduced mass loss in 
every case. 

This document provides: 

e A brief background on evaporator fan VFDs 

e A summary of our test methodology 

e A list of assumptions regarding economic return on this 

technology based on our test findings 

e Answers to frequently asked questions. 


BASICS OF EVAPORATOR FAN VFDS 


Evaporator fan VFDs are electronic motor controllers that 
can be used to reduce fan speed after fruit has been pulled down 
to storage temperatures. Collectively, the evaporator fans are 
usually the single largest electrical load in a CA facility during 
the long holding season. The VFDs offer very attractive energy 
savings. At half-fan speed, (which is typical during the holding 
season), the fans will consume only about 15% of full speed 
power. 


TEST DESCRIPTION 


Tests were conducted at 10 sites (commercial CA rooms) 
in Washington state. At each site, a VFD controlled room was 
compared to a baseline CA room that used existing fan control 
(continuous fan operation, alternating fan operation, or fan 
cycling). One major element of the testing involved placing fruit 
samples at 15 locations within each CA room as the rooms were 
filled. In order to minimize differences in the test fruit, all fruit 
was taken from a single bin from a single grower. Each fruit was 
weighed, numbered, and placed in a mesh bag (six or eight fruit 
to a bag, depending on the site). The sample bags were buried 
under one or two layers of fruit in the CA bins as the rooms were 
loaded. The bags were retrieved when the rooms were opened the 
following spring or summer. The fruit was re-weighed and then 
sent to the laboratory for testing. At some sites, this process was 
repeated for multiple growers. 

Most room-to-room comparisons involved similar length 
holding seasons. Room loading and unloading were not identical 
in every case. 


A total of 18 lots of fruit were tested at the 10 test sites, 
including Red Delicious apples (8 lots), Golden Delicious apples 
(9 lots), and Anjou pears (1 lot). 

In addition to fruit quality testing, two sites included 
detailed monitoring of temperature (17 locations per room), dew 
point (one location per room), and real-time mass loss data from 
a load cell. A third site included measurement of carbon dioxide 
(CO2) and oxygen concentrations at high and low air movement 
locations within the room. These measurements were intended to 
provide insight regarding conditions within the room and their 
ultimate effect on fruit quality. 


ECONOMIC ASSUMPTIONS 


To put the results in context, we estimated energy and fruit 
savings for each field trial and return on investment. 

Fruit savings were based on: 

e The total fruit weight in the room 

e The difference in percentage mass loss between the VFD 

room and the baseline control room 
e An assumed 80% packout rate and $12 per box fruit value 
e VED cost estimates for large-scale installations. 


THE ECONOMICS OF VFDS FOR CA STORAGE 


What kind of payback should I expect? 

e Paybacks for the field trials ranged from 1.1 to 2.9 years 
when energy savings and mass loss improvements were 
considered (Figure 1). 

e Paybacks ranged from 1.6 to 21.6 years when only energy 
savings were considered (Figure 2). 
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Figure 1. Payback on energy and mass loss savings using VFD control versus baseline control 
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Figure 2. Payback on energy using VFD control versus baseline control Test Elle 


Figure 3. Mass loss improvement using VFD control versus baseline control 
Why is there a large range of payacks? 
e Paybacks were influenced by storage duration, baseline 
fan operations (full-speed, alternating, or cycling), mass 
loss, and utility rates. 


Where were the biggest mass loss improvements found? 
e The biggest improvements in mass loss were found in 
Golden Delicious apples. 
e An improvement of 0.27% was realized in the Anjou 


When would I expect the fastest payback? pear test during only ~50 days of reduced speed opera- 
e Fast paybacks are characterized by having a full-speed tion with the VED. 


fan baseline, long storage duration, and high cost elec- 


os e Tests with long holding periods. 
tricity (test sites 3, 4, and 9). 


e Tests where the baseline fan control was fan cycling or 


; o alternating fans. 
When is a mass loss improvement with VFD operation impor- 


tant to project economics? 
e When facilities have: 
e Low baseline fan energy use (fan cycling or alternating 
fans), such as test sites 5, 6, and 8. 
e Short storage duration - test site 10. 
e Low cost electricity - test sites 1, 2, 6, 7, and 10. 


What effect does VFD operation have on fruit firmness? 
e Average fruit firmness decreased in 7 out 9 of the VFD 
tests on Golden Delicious apples (Figure 4). 
e Average fruit firmness decreased in 4 out 8 of the VFD 
tests on Red Delicious apples. 
e Average fruit firmness decreased in the one pear test. 
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e Mass loss savings ranged from 0.06% to 0.58%. A ro 
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What fruits and varieties were tested? | 
e Golden Delicious apples (9 tests) 
e Red Delicious apples (8 tests) Figure 4. Change in fruit firmness with VFD control versus baseline control 
e Anjou pears (1 test) 


Test Site 
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Under what circumstances was the largest effect on fruit firm- 
ness observed? 

e At test site 9, in the two tests where the firmness 
decreased with the VFD control, when the sample fruit 
was tested prior to storage it was deemed unsuitable for 
long-term CA storage. 

e At test site 4, it was necessary extrapolate the change in 
firmness (the baseline control room opened 100 days 
after the VFD room). There is considerable room for 
error in the extrapolation. 


RELIABLE AND ENERGY EFFICIENT VFD OPERATION 


How much energy savings can be expected with VFD opera- 
tion? 
e In the field trials, energy savings varied from 24% to 
78% (Figure 5). 
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Figure 5. Energy savings using VFD control, shown as percent of baseline energy use 


When were the largest energy savings achieved? 
e At facilities that used full speed fans and had long storage 
periods. 


When were the smallest energy savings achieved? 
e At facilities that fan cycled or shed fans after the fruit 
pulldown (test sites 5, 6, and 8). 


Can peak demand charges be reduced by using VFDs? 
e With careful management, VFDs can significantly reduce 
peak demand charges. 


Do VFDs affect fruit pulldown? 
e The VFD has no impact as fan speed is not reduced 
during the fruit pulldown period. 


When should fan speed be reduced with the VFD? 
e After the fruit has been brought to room temperature. 
e In the field trials, fan speed was reduced 3 to 4 weeks 
after the rooms were sealed. 
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How far should fan speed be reduced? 
e In the field trials, the minimum fan speed was limited to 
40% to 50% speed. Further reduction in speed would 
provide little additional savings. 


THE EFFECT OF VFD OPERATIONS ON ROOM CONDITIONS 


Will reducing fan speed produce warm spots in the room? 

e No. Extensive temperature monitoring at two facilities 
showed no warm spots. Temperatures were monitored 
inside 15 bins distributed evenly in each test room. 

e The warmest probe in the VFD rooms were only 0.03 °F 
and 0.16 °F warmer than the respective warmest control 
room probe (Figure 6). 
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Figure 6. Temperature variance — VFD control versus alternate fan control at Test Sites 1 
and 4 


Will reducing fan speed produce cold spots in the room? 

e At reduced speed, air comes off the coil colder than in a 
full speed room. As a result, colder temperatures were 
seen towards the top of the VFD rooms. 

e The coldest probe in the VFD rooms were only 0.23 °F 
and 0.16 °F colder than the respective coldest control 
room probe (Figure 6). 


How would you summarize the difference in temperature 
control between VFD and full speed operation? 

e VFD operation resulted in a slightly higher variation in 

temperatures throughout the room. When comparing the 

VFD room versus the control room, the total average 

temperature variation for all 15 probes were 0.89 °F ver- 

sus 0.63 °F and 0.59 °F versus 0.27 °F for the two tests. 


Was there any evidence of CO2 buildup or any adverse impact 
on gas concentrations at reduced speed? 

e No. At one facility, gas samples were obtained in the 

VED room in a high air flow location (near the evaporator) 

and a low air flow location (within a bin in the back 

lower corner of the room). Gas concentrations in these 

two locations were practically identical, indicating that 

the air in the room was adequately mixed at reduced speed. 


Did reducing speed increase the relative humidity or dew 
point temperature in the VFD room? 
e Yes. The relative humidity was slightly higher in the VFD 
room at both test sites. 
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MEDIUM VOLTAGE DRIVES IN THE SUGAR INDUSTRY 


G. Scheuer and T. Schmager, ABB Switzerland Ltd. 
L.C. Krishnan, Al Khaleej Sugar Refinery, Dubai 


ABSTRACT 


This paper first outlines the benefits of Medium Voltage 
Variable Frequency Drives (MV-VFD) compared to classical driv- 
ers or control methods (i.e. steam/gas turbines, hydraulic coupling 
and Direct- On-Line operation with, for example, valve/damper 
control). 

The paper then focuses on typical variable frequency 
drive applications in the sugar industry and also describes two 
real cases, namely a MVVEFD soft-starter application at Al 
Khaleej Sugar Refinery, Dubai, UAE and the replacement of 
inefficient steam turbines for cane mill drives at Compania 
Azucarera Hondurena S.A, Honduras, Central America. 

Next, the main selection criteria for a MV-VFD system 
are described and finally a state-of-the-art example of such a 
product complying with the above-described selection criteria 
will be presented. 


I. INTRODUCTION 
A. WHAT IS A VARIABLE FREQUENCY DRIVE? 


A VFD is basically an electrical circuit, which is connected 
between a supplying network and a motor. Unlike a Direct-On- 
Line (DOL) operated motor, the speed of which is fixed to the 
frequency of the supplying AC network, the main purpose of a 
VED is to provide the motor with an AC supply voltage (or AC 
current) of variable frequency, enabling a variable motor speed 
and torque. 

In general, a state-of-the-art VFD consists of a rectifier 
section, a DC-link section and an inverter section. The rectifier 
section rectifies the supplying AC network voltage of fixed fre- 
quency (usually 50 or 60Hz) into a DC voltage (or DC current), 
which then, in the inverter section of the VFD, will be trans- 
formed into an AC voltage (or AC current) of variable amplitude 
and frequency, see also Fig.1. 
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Figure 1. Basic components of a VFD 


When talking about Variable Frequency Drives (VFDs), 
one has to distinguish between Low-Voltage (LV) VFDs (up to 
690V motor voltage) and Medium-Voltage (MV) VFDs (above 
1kV motor voltage). Typically the economically reasonable power 
range for LV-VFDs is about 0...1000Hp, whereas MV-VFDs start 


to become economical from about 500 Hp up to more than 100 
000 Hp. 

This paper is focusing on MV-VFDs although a lot of the 
statements made can also be applied for LVVFDs. 


B. SHORT HISTORY OF MV-VFDS 

MV-VFDs were introduced into the market in the late 
‘60s. The benefits of MV-VFDs in those days were basically the 
same as today (e.g. energy savings, improved process control, 
less maintenance...). However these benefits were, to some 
extent, compensated by drawbacks such as power factor issues, 
harmonic distortion, torque pulsations and, maybe worst of all, 
reliability problems. 

These problems have now been basically eliminated, allow- 
ing the advantages of a MV-VED system to clearly dominate. 

This opened the doors for MV-VFDs in many industries 
such as oil & gas (see [1]), petrochemical, power, water & waste 
water, metals, minerals & mining, marine, to name just a few, 
mainly for the controlled and economical transport of liquids, 
gas and solids. 


C. MV-VFDS IN THE SUGAR INDUSTRY 


In the sugar industry, a lot of applications are suited for 
operation with a MV-VED instead of the conventional driving 
methods (e.g. gas or steam turbines, damper/throttle-, vane-, 
On/Off- or pitch control). 

Besides a short description of the benefits of a MVVFD 
system, this paper is also dedicated to giving an overview of the 
processes where MV-VFDs will result in remarkable advantages 
for the customer. Furthermore, it will give some basic guidelines 
for the selection of such a MV-VFD system. 


ll. BENEFITS OF MV-VFD SYSTEMS 
A. ENERGY SAVINGS 


VEDs offer a wide range of benefits such as improving the 
quality of a product by having a better control of the process and, 
due to an optimal pressure or flow control, substantial energy sav- 
ings. 

Where are these energy savings coming from? As an 
example, we assume a Direct-On-Line (DOL), also called fixed 
speed motor, driving a pump. An electrical motor, which is 
directly connected to the power grid, will operate at a fixed 
speed, which is defined by the network frequency and the motor 
pole number. Therefore, the connected load machine is always 
rotating at the same speed. 

The process requirements however may change, depending 
on various factors such as change in production quantity or qual- 
ity, change of the media or deviations from the nominal power 
grid parameters (change in frequency), varying temperatures or 
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simply new requirements such as production increase. These 
changes in process requirements also require control actions in 
the driving system. 

The only possible control methods for fixed speed solutions 
are throttling, bypass control, On/Off control or the upgrade with 
a VFD solution, see Fig. 2. 
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Figure 2. Examples of fluid control 


The least efficient control method is the bypass control 
followed by the On/Off control. With bypass control, the super- 
fluous flow is redirected back to the pump via the bypass valve. 
With On/Off control, the system is switched on and off depending 
on the actual flow or level requirement. This control method is 
often used in applications where a certain fluid level or capacity 
is controlled. 

The control method usually used for fixed speed operation 
is throttling where opening or closing a valve controls the flow. 
Depending on the valve position the motor has to work against 
the valve. This results in a waste of energy and higher mainte- 
nance cost. The use of a VED is the optimal, most energy-effi- 
cient control method which ensures that only the energy which is 
required by the driven mechanical load will be consumed. The 
VED system losses are comparably low. 

For a summary of the different control methods in regard to 
their efficiency, see also Fig. 3. 
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Figure 3. Comparison of different pump control methods in regard to their efficiency 


In order to calculate potential energy savings in a conven- 
ient way, ABB has developed two easy-to-use programs, named 
PumpSave and FanSave. These tools calculate, based on some 
basic inputs, the estimated energy savings and payback times for 
a specific pump and fan application. The programs are based on 
Microsoft Excel® and are available free of charge from ABB MV 
drives. 

Calculations typically result in payback times for a VFD 
investment between 1.5 to 4 years, mainly depending on the load 
cycle and the energy costs. Fig. 4 shows the input data mask of 
the PumpSave tool. 
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Figure 4. Input data 
B. MINIMIZED MAINTENANCE 

By replacing mechanical components such as valves, 
dampers and gas/steam turbines with electrical equipment, i.e. a 
MV-VFD system, the maintenance efforts will be minimized. A 
reliable and well-designed VFD system will, with a minimum of 
maintenance, not require any major component replacements 
within the first 10+ years. 

The only components requiring a yearly check are, for 
example, back-up batteries, deionizer vessels (in water-cooled 
VFDs) or air filters (in air-cooled VFDs). 

Although it is recommended to have a regular maintenance 
schedule, many of these checks can be done while the drive system 
is in Operation, which will avoid a process shutdown. 


C. IMPROVED PROCESS CONTROL PERFORMANCE 


Compared to mechanical solutions such as damper/throt- 
tle, vane, On/Off or pitch control, MV-VFDs provide a much 
smoother and more accurate way of controlling a process. 

With a MV-VED system, speed and torque can be adjusted 
and maintained with accuracies of 0.1% and better. As a result, 
depending on the application, the process is controlled in a more 
efficient way and the process output is of better quality. 

Other benefits include a lower system noise level and the 
integrated motor protection equipment, which is part of the VFD 
scope of supply. At DOL operation the motor protection equip- 
ment has to be supplied separately. 


D. EXTENDED LIFETIME OF MOTOR AND MECHANICAL EQUIPMENT 

Due to the smooth, soft-start capabilities and wide range 
of adjustable speed and torque control capabilities of a MV-VFD 
system, the lifetime of the motor and the driven mechanical 
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equipment will be extended. 

For example, due to the reduced pressure at partial load, 
the lifetime of pipes and other components is increased. By apply- 
ing a VFD system, vibrations can be reduced which increases the 
lifetime of the equipment. 


E. ELIMINATION OF MOTOR INRUSH CURRENTS 


With a MV-VFD system, the high inrush currents during 
start-up, which typically can exceed 5-7 times of the nominal 
motor current, will be eliminated. Especially in applications with 
high inertias (e.g. fans), high inrush currents may result in a con- 
siderable overdesign of the motor due to the extended acceleration 
times at high inrush currents, which increases the price of the 
motor. With a MV-VFD system, the start-up is extremely soft, 
and the currents on both the line supply side and the motor side 
will not exceed their nominal values during start-up. 

It should be stressed at this point that a start-up with a so- 
called soft-starter would not result in the same low motor current 
values as in a start-up with a VFD system. Although significantly 
reduced compared to DOL starting, the inrush currents still 
remarkably exceed he nominal motor current values when soft- 
starters are applied. 


F ELIMINATION OF VOLTAGE SAGS DURING MOTOR START-UP 


The start-up of a motor connected Direct-On-Line (DOL) 
typically comes with high inrush currents as pointed out in the 
previous paragraph. These currents are mainly of an inductive 
nature and therefore will cause a remarkable voltage sag at the 
Point of Common Coupling (PCC) where the motor is connected 
and also at upstream and downstream PCCs. As a result, many 
other electrical loads connected to one of these PCCs can be 
severely disturbed and therefore malfunction. 

Opposed to that, during the start-up of a motor which is 
controlled via a MV-VED system, none or only negligible volt- 
age drops will occur and no other electrical equipment in the 
plant will be negatively affected. 


G. IMPROVED IMMUNITY AGAINST SUPPLY DISTURBANCES 


Typically, disturbances in the supplying network such as 

e transient spikes 

e unbalance 

e voltage dips lasting over a few cycles 

e frequency deviations 

e or, most severe, interrupts will have an impact on the 

performance of a DOL operated motor. 

Especially voltage dips above a certain magnitude (typi- 
cally >10%) will instantly result in a reduced output power or a 
complete loss of the driven process. 

With a MV-VFD system, “ride through” capabilities will 
ensure that the process will not at all or to a reduced amount be 
affected by supply disturbances of the kind mentioned above. 

This is achieved with a DC link which, as a part of the 
VED system, decouples the motor side from the feeding supply 
side, as well as sophisticated motor control schemes. 

Also a short circuit in a DOL-operated motor will have a 
remarkable negative impact on the supplying network. With a 
VED between the network and the motor, these short circuits are 
handled by the VFD system in a very fast manner and will have 
a minimum impact on the supply system. 


Ill. MV-VFD APPLICATIONS IN THE SUGAR INDUSTRY 


A. PUMP APPLICATIONS 


The sugar industry in particular uses pumps for transferring 
liquor with, (a) controlled flow rate, (b) controlled pressure, (c) 
controlled level in the vessel. Besides the transfer of liquor, 
pumps are also used in power generation to feed water to the 
boiler. Using VFDs for such applications contributes to very high 
energy saving potential, making it the most economical and effi- 
cient method available as of today. 


B. CONVEYOR APPLICATIONS 


VFEDs can be used to control the speed and torque of belt 
conveyors, resulting in easy management and very precise control. 


C. ID AND FD FAN APPLICATIONS 


Sugar plants use boilers to generate high-pressure steam 
for electrical power generation and low pressure steam for heat 
exchangers. Since the steam consumption varies depending on 
the demand, the boiler has to accommodate this variation by con- 
trolling the fuel and air. In order for this to be achieved with better 
performance and remarkable energy savings, VFDs are used for 
the control of boiler Induced Draft (ID) and Forced Draft (FD) 
fans. 


D. CENTRIFUGE APPLICATIONS 


VEDs can also be applied in centrifuge applications being 
the heart of sugar refining — for the batch centrifugal speed con- 
trol. In this application, the use of VFDs with common DC bus 
1s also the most reliable and efficient control method, contribut- 
ing to minimum electrical equipment installations, lowest energy 
consumption and almost negligible impact on the power grid. 


IV. PROJECTS FOR MV-VFD APPLICATIONS IN THE 
SUGAR INDUSTRY 


A. PROJECT 1: SOFT-START OF MECHANICAL VAPOR COMPRESSORS WITH MV-VFDS 
Al Khaleej Sugar in Dubai, UAE has been using VFDs for 

all previously-mentioned applications for the past ten years. 
The installation of Mechanical Vapor Compressors 

(MVR) to reuse waste vapor is the latest ongoing innovative proj- 
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Figure 5. Basic one-line diagram of the electrical equipment at Al Khaleej Sugar for soft 
start of mechanical vapor compressors 
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ect at Al Khaleej Sugar. Two air-cooled ACS 1000 MV-VEDs 
from ABB are used as a softstarting device for four 4000kW 
motors and associated compressors with very high inertia, with- 
out any impact to the power supply grid, such as inrush current, 
voltage dips etc. For more information on ABB’s ACS 1000 VFD 
family, the reader is referred to chapter VI of this paper. 

In this specific application, the starting sequence can be 
sub-divided into three phases. In the first phase, a selected motor 
is smoothly accelerated with the MV-VFD from standstill up to 
nominal speed. This is followed by the second phase, in which 
the motors are synchronized with the supply network. Once the 
synchronization is completed, the motors will then, in the third 
phase, be bumplessly transferred to the grid. Due to the fact that 
the start-up and transfer is performed at low compressor load, the 
MV-VFDs can also be designed for a lower power rating. The 
basic one-line diagram in Fig. 5 illustrates the equipment line-up. 

At present, only a few benefits of a MV-VFD system are 
utilized in this application. However, in case the mechanical vapor 
compressor application proves to be a successful innovation, it is 
planned to upgrade the installation with MV-VFDs that are rated 
for the full motor power in order to fully control the process with 
MV-VEDs. The additional benefits of such a system, in particular 
energy savings, can then be fully exploited. For further information 
about the mechanical vapor compressor project at Al Khaleej 
Sugar, the reader is referred to Fig. 15 and Fig. 16 in the appendix 
and to [6]. 


B. PROJECT 2: CANE MILLS 


Compania Azucarera Hondurena S.A., founded in 1938, is 
one of the largest sugar companies in Honduras, Central America. 
Their Santa Matilde plant has a capacity of 10,200 tons/day (of 
cane) operating 155 days per year. In 2006 they expect to increase 
their capacity to 12,000 tons of cane per day. 

In order to generate electric energy, the plant produces 
steam by combustion of bagasse, which is the principal waste 
product from sugar production. Part of the steam is used to run 
steam turbines which, in turn, drive cane-crushing mills. The rest 
of the steam is used to generate electricity for use by the factory. 

Under normal operating conditions, there is sufficient 
steam to drive the cane mill turbines and to generate electricity 
for the plant. The cost of electricity in Honduras is relatively high 
because it is mainly produced by fuel oil. Thus the opportunity 
to optimize the energy use in the plant to be able to deliver more 
energy to the grid becomes very attractive. 

Therefore, at their Santa Matilde plant, Compania 
Azucarera Hondurena S.A. replaced five steam turbines which 
were driving the cane mill, with ACS 1000 variable speed drives 
and induction motors. By controlling the cane mill with these 
drives and electrical motors instead of steam turbines, the steam 
can now be used exclusively to generate electricity, which will 
feed the whole plant and can even be sold to the grid. 

Now, what does this mean in real numbers? In the case of 
this particular plant, five 750kW steam turbines are needed to 
drive the cane mills, resulting in 3750kW total power. Considering 
the steam requirement of 35 pounds/kW in these small turbines, 
about 131,000 pounds of vapor were required to drive the com- 
plete cane mill. On the other hand, turbines with high-pressure 
boilers to drive electrical generators only need 12.7 pound/kW. 
This means there is a potential of up to 22.3 pounds/kW that can 
be used to generate electricity instead of being wasted in inefficient 
turbines driving the cane mills. 

Using all of the steam for electric energy generation gives 
some 10,300kW generating capacity which is used to feed the 


electrical drives. Furthermore, excess energy of about 6550kW 
can be sold to the grid. This brings about 1 Million USD/year 
additional revenue to the Compania Azucarera Hondurena S.A. 
resulting in a payback time for the MV drive investment of about 
1 year! 

Besides the remarkable improvement of overall energy 
efficiency of the plant, there are other clear benefits. The speed 
of the mill can be accurately controlled depending on the amount 
of cane coming into the machine. This is a great advantage com- 
pared to the use of the steam turbines. Another advantage is that 
the electrical drives can estimate the shaft torque and protect the 
mill against overload. In this case the mill can be driven in 
reverse to get the excess material out of the machine and resume 
normal operation with minimum production loss. 

Further, the ACS 1000 medium-voltage drives require only 
a fraction of maintenance compared to maintenance intensive 
steam turbines. This results in a higher up time and lower main- 
tenance costs. 

Furthermore, after a shutdown, the cane mill driven by 
ACS 1000 medium-voltage drives returns to operating conditions 
much faster than the steam turbine driven cane mill. 

Finally, due to ABB’s ACS 1000 control method DTC 
(Direct Torque Control), the noise level is considerably reduced 
for both the VFD and the motors and is almost negligible compared 
to that of steam turbines. 


V. SELECTION CRITERIA FOR A MV-VFD SYSTEM 


A MV-VFD system as discussed in this paper basically 
consists of an incoming disconnector (fused contactor, main cir- 
cuit breaker), an isolation transformer with surge protection, the 
converter (MV-VED) and its control, MV cables and a MV motor 
(induction or synchronous). Fig. 6 illustrates a MV-VFD system. 

This paper focuses mainly on the converter (MV-VFD) 
rather than the complementing system components (breakers, 
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Figure 6. Typical components of a MV-VFD system 


transformer and motor), since the VFD is the most complex and 
probably the least familiar component for most readers. 


A. RELIABILITY 


Reliability is probably the most important demand on a 
MV-VFD. One crucial key to achieve maximum reliability is to 
design the converter with a minimum of passive and active com- 
ponents. Active components in this context are semiconductor 
switches (e.g. thyristors, GTOs, IGCTs, IGBTs). Designs with a 
high parts count, especially active components, cannot, by their 
physical nature, guarantee the best reliability numbers and should 
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therefore be avoided. 

Further, it is recommended that the protection concept is 
fuseless. Fuses are unreliable and subject to aging. According to 
[2], more than 7% of all MV-VED failures are due to blown fuses. 

Besides a low parts count, it is also recommended to have 
reasonable safety margins in the design of all components, which 
will result in a longer lifetime and consequently in higher reliability. 


B. EFFICIENCY 


As shown in the previously one of the main benefits of a 
MV-VED system is energy savings achieved by running the driv- 
en process at its optimum operation point. 

In order not to sacrifice this benefit, the MV-VFD itself 
should also be as efficient as possible. Efficiency numbers of 
98.0% or higher are desirable at the nominal operation point. It 
should be stressed at this point that even small differences of a few 
points can result in remarkable annual energy costs of several 
thousand USD. 


C. LINE FRIENDLINESS 


The number of power electronic circuits connected to the 
grid is steadily increasing. Each MV-VFD is such a circuit. Due 
to their non-linear nature, these circuits have the inherent attribute 
of generating harmonics which have to be limited in order not to 
cause undesired interactions with other electrical and electronic 
loads connected to the same bus. 

For that purpose, there are standards recommending strict 
harmonic limits. Examples of these standards are IEEE 519-1992, 
IEC 61000-2-4 or G5/4 [3]-[5]. 

In many cases, a 12-pulse input diode rectifier design will 
fulfill the above-mentioned harmonic standards. In some cases, 
where the network is weak, an 18-or 24-pulse configuration may 
be required. This has to be evaluated on a case-by-case basis. 

It is, however, questionable to extensively exceed the har- 
monic standards by means of overly complex transformer configu- 
rations and a high parts count, since this contradicts the reliability 
requirement. In the context of line friendliness, common mode 
components (i.e. harmonic orders being an odd multiple of three: 3, 
9, 15...) should also be considered. 

Having an isolation transformer between the MVVFD and 
the supplying network can mitigate these common mode compo- 
nents. In case of a transformerless MV-VFD system solution, these 
common mode voltages will be injected into the supplying network. 


D. MOTOR FRIENDLINESS 

Motor friendliness is another demand on a MV-VFD. This 
basically means that the driven motor can be a standard DOL 
(Direct-On-Line) motor, with no special insulation or de-rating 
needed. This requirement is especially crucial in the case of 
retrofit applications where an existing (fixed speed) standard 
motor is upgraded with a MV-VFD. 

Ideally, the VFD output voltage should therefore be as 
close to sinusoidal as possible. In particular, the VFD output 
voltages at the motor terminals should not exceed the peak-value 
of the nominal motor voltages and the max. dv/dt should be lim- 
ited to values of about 500V/us. Further, the current harmonics, 
being a result of the non-ideal sinusoidal VFD output voltage, 
should not exceed 5%. The common mode voltages should be 
fairly low, or even better, nonexistent in order to utilize a standard 
motor design. 


E. CONTROL PERFORMANCE 


Another selection criterion for a MV-VED is its control 


performance, i.e. its capabilities to accurately control speed and 
torque and to respond to transient events like load changes in a 
fast and stable manner. Speed and torque accuracy should be in 
the range of 0.1%. The required dynamic performance in case of 
load steps varies with the load. While fan, pumps and compressors 
require less demanding torque step response times >10ms, appli- 
cations such as rolling mills may require step response times <5 ms. 

Even if high dynamic control performance, 1.e. torque 
response times in the range of 5ms, may not always be required 
from a process point of view, it 1s crucial in case of line supply 
disturbances in order to minimize the impact of such a distur- 
bance on the motor side and the load. The more dynamic a motor 
control scheme is, the faster it can counteract to these line supply 
disturbances and the less the impact will be for the mechanical 
driven load. Further, encoderless motor control schemes are rec- 
ommended, since encoders are unreliable and may have undesired 
impacts on the speed control performance. 


F LOW MAINTENANCE 


Low maintenance of a MV-VFD is crucial in order to 
obtain high availability and to keep the life-cycle costs down. 

Therefore an ideal MV-VFD is not only reliable but also 
consists of components which have a long lifetime and do not 
require regular time- and cost-intensive maintenance. Critical 
components which should be carefully selected in a MV-VFD 
design phase, are cooling fans or pumps, cooling system materi- 
als (e.g. stainless steel) and DC-link capacitors, which ideally 
should not be of the electrolytic type (lifetime only about 5 
years). Electrolytic capacitors on Printed Circuit Boards (PCB) 
should be of extended lifetime type and not be operated above 
75% of their maximum temperature. 


G. FLEXIBILITY 


In order to save building costs and costs for indoor HVAC 
installations, it is a wise idea that the MV VED and the supplying 
transformer can be located separately and are not necessarily 
integrated in the same cubicle. This provides the flexibility to 
choose between a dry type or oil-immersed transformer located 
either indoors or outdoors. 

In many applications, the actual building size can be smaller 
(and therefore cheaper) if the transformer is located outdoors. 
Furthermore, the transformer losses do not have to be handled by an 
additional HVAC system, which saves extra costs. 

Solutions where the MV-VFD supply transformer can be 
eliminated or replaced by line inductors will certainly result in a 
smaller footprint, less weight and overall cost savings, but it has 
to be kept in mind that special design in order to cope with com- 
mon mode voltages. In addition common mode components will 
be injected into the line supply system and no galvanic isolation 
between the feeding supply system and the MV-VFD will exist. 


VI. EXAMPLE OF A STATE-OF-THE-ART MVVFD 

This section describes ABB’s ACS 1000 MV-VED as an 
example of a state-of-the-art MV-VFD system, which complies 
with the basic selection criteria outlined in the previous chapter. 


A. GENERAL ACS 1000 INFORMATION 

The ACS 1000, launched in 1998, is available for the motor 
voltages 2.3kV, 3.3kV and 4kV in a power range between 
300kW up to 5000kW. 

Up to about 1800kW output power, the ACS 1000 product 
is available with air-cooling, between 1800kW and 5000kKW with 
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water-cooling. For photos of the ACS 1000 line-up and the 
topology, see Fig. 7-8. For further publications on the ACS 1000 
VED, the reader is referred to [7] — [9]. 

B. IGCT TECHNOLOGY 


The chosen semiconductor technology has a major influ- 






900 mmm Figure 7. VFD line-up of the ACS 1000 air-cooled version 


Figure 8. Topology of ABB’s ACS 1000 MV-VFD 


ence on the fulfillment of the previously described MV-VFD 
selection criteria. The ACS 1000 VFD is based on the IGCT 
(Integrated Gate Commutated Thyristor) technology, which com- 
bines the benefits of the Gate Turn Off Thyristor (GTO) (reliability 
& robustness, high current density, low on-state losses) and the 
Insulated Gate Bipolar Transistor (GBT) (low switching losses, 
fast switching, snubberless), but eliminates their individual draw- 
backs. The IGCT is the semiconductor of choice for all MV high 
power applications and is superior to other semiconductor 
switches (e.g. IGBT, IEGT, GTO) in regard to reliability, robust- 
ness, current density and overall losses (see Fig. 9). 


Figure 9. IGCT module 
with integrated 
reverse conducting 
diode and Gate Unit 
for ACS 1000 
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C. RELIABILITY 


The IGCT technology enables a compact inverter design 
that is based on the lowest possible parts count with no series or 
parallel connection of semiconductor switches. 

The inverter unit of the ACS 1000 VFD is a 3-level 
Voltage Source Inverter (VSI) with just 12 IGCTs with integrated 
reverse conducting diodes plus some 6 Neutral Point Clamped 
(NPC) diodes. 

The DC link consists of a minimum number of selhealing, 
high power, film type MV capacitors, which do not need any 
maintenance. 

The standard rectifier, which rectifies the incoming supply 
voltages from AC to DC, is a simple 12-pulse diode bridge with 
high power MV diodes, resulting in the minimum parts count of 
not more than 12 diodes. Further, the protection concept is not 
based on fuses but on 2 additional IGCTs, the so-called protec- 
tion IGCTs, which are located between the 12-pulse diode recti- 
fier and the DC-link capacitors, see Fig. 8. The protection IGCTs 
are not only much more reliable than fuses, they are also about 
100 times faster (about 25us) and do not have to be replaced after 
the rare event of a failure. Moreover, the ACS 1000 components 
are designed with safety margins, which results in an overall Mean 
Time Between Failure (MTBF) number of 51,000 hours or 5.8 
years. Finally, the design of the ACS 1000 VED is very service 
friendly. In case of a failure, it can be repaired in a minimum 
time (e.g. exchange of a diode or IGCT takes only 15-30 min.), 
which shows its impact in a high availability number of 99.93%. 


D. EFFICIENCY 


Due to the minimum number of semiconductor compo- 
nents and the very efficient IGCT technology, the efficiency of 
the ACS 1000 VED is excellent. This is based on the fact that 
IGCTs show the overall lowest losses compared to other semi- 
conductor switches like 

GTOs or IGBTs. Even if the output sine filter contributes 
with some points to the loss balance, the overall ACS 1000 VFD 
efficiency (incl. aux. losses) at the nominal operation point is 
typically around 98.5%. 


E. LINE FRIENDLINESS 

The standard 12-pulse diode rectifier bridge fulfills the 
strict harmonic standards for most applications. To quantify this 
statement, see Fig. 10, which shows the network voltage and cur- 
rents generated by an ACS 1000 12-pulse diode bridge and 
benchmarked against 

IEEES 19 for a typical industrial network. It can be clearly 
seen that the IEEE519 standard is not only fulfilled but even 
exceeded. In cases where the network is very weak, a 24-pulse 
option is available. Also the supply side power factor is only 
varying slightly over the whole load range and is typically better 
than 0.95. 


F MOTOR FRIENDLINESS 


The ACS 1000 VED features almost pure sinusoidal out- 
put voltages and currents and is therefore perfectly suited to drive 
standard motors with no special insulation or de-rating require- 
ments. Even very old motors can be retrofitted with the ACS 
1000. For output voltage and current waveforms, please refer to 
Fig.11. 

In addition, the unpopular common mode voltages are 
eliminated at the motor terminals, since they are exclusively cap- 
tured inside the ACS 1000 VFD. 
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almost unlimited cable length between the VFD output and 
the motor (no voltage reflections at the end of the cable). 
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Figure 12. Unfiltered (upper trace) and filtered (lower trace) line-line ACS 1000 
output voltage 
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Figure 10. Harmonic spectrum benchmarked against IEEE519 limits and line diagram of the voltage 


and current generated by an ACS 1000 VFD with 12-pulse diode rectifier input, ls/I,=25, 
l<=network short circuit current, IL=nominal ACS 1000 drive current 





Figure 11. Filtered line-line ACS 1000 output voltage (upper trace) and corresponding 
motor currents (lower trace) 


These ideal output voltages are achieved with the integrated 
sine filter, see Fig. 12. Further, since the sine filter star-point is 
grounded, it is guaranteed that the driven motors are not opposed 
to common mode voltages. Another remarkable benefit is an 








G. CONTROL PERFORMANCE 


The control method of choice in ABB’s ACS 1000 
product is the so-called Direct Torque Control (DTC). This, 
ABB-patented, control scheme is undeniably the most 
dynamic and efficient control scheme existing on the drives 
market today. 

With DTC, both the torque and the flux of the motor 
are kept within a given hysteresis band, which is checked 
every 25us. Switching of the semiconductors does not occur 
according to a fixed determined pulse pattern, but only if 
one of the two controlled quantities touch the hysteresis 
band limits. In this case however, the switching will be 
immediate. This algorithm ensures an unmatched static 
(speed accuracy < 0.1%) and dynamic control with no over- 
shoot during transient torque steps and step response times 
as low as 1-2ms (see Fig. 13). Additionally, the switching 
frequency, and with that the switching losses, will be kept at 
a minimum. Another positive side effect is a very low motor 
noise. This is due to the fact that the harmonic spectrum of 
the motor voltages is distributed over the whole frequency 
range with low amplitudes rather than having distinctive 
harmonic orders with high amplitudes. 


Figure 13. Torque step-response of 
DTC compared to conventional PWM 
control scheme 





H. LOW MAINTENANCE 


The required maintenance is more or less limited to 
exchanging (intervals depending on the ambient conditions) a few 
items such as the air filter in the case of an air-cooled drive (once 
a year) or the deionizer vessel in the case of a water-cooled version 
(every second year) or the back-up battery (every second year). In 
addition to the basic maintenance, ABB offers maintenance con- 
tracts, which include additional checks (not replacements!), which, 
in the course of time, will result in higher reliability and availability 
at a minimum cost. 
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|. FLEXIBILITY 

The ACS 1000 product provides the flexibility to have the 
VED isolation transformer located indoors in the line-up of the 
drive or outdoors, separated from the drive. Either a dry-type or 
an oil-immersed transformer can be chosen. Should the preference 
be to have the isolation transformer in the line-up of the drive, a 
repackaged aircooled ACS 1000, namely the ACS 10001, is a 
very interesting alternative (Fig. 14). It is a highly compact drive 
(Lx Dx H=3.3m x 1.1m x 2.7m) with incoming breaker, iso- 
lator switch, surge protection, 24-pulse transformer and the VFD 
integrated in one cubicle (= 3 cables in, 3 cables out). 
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Figure 14. ABB's ACS 1000i VFD with integrated switchgear, protection and 24-pulse VFD 
isolation transformer 


VII. CONCLUSIONS 


The multiple benefits of a MV-VFD system were intro- 
duced in this paper. It was shown that, in the sugar industry as well 
as in many other industries, various applications can benefit from 
the application of aMV-VFD system. This was highlighted by two 
examples: 

a) the most innovative mechanical vapor compressor 

application at Al Khaleej Sugar, where ABB’s ACS 

1000 drive family is applied as a soft-starting device 
b) the replacement of inefficient steam turbines for a cane 

mill application at Compania Azucarera Hondurena S.A. 

Following this, basic selection criteria for a MV-VFD 
were given and finally, ABB’s ACS 1000 drive family, as an 
example of a state-of-the-art MV-VED, was presented. 
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MAKING THE CHOICE BETWEEN LOW-VOLTAGE 
AND MEDIUM VOLTAGE DRIVES 


High power applications now have motor control solution 
options — either low-voltage or medium-voltage drives. Find out 
how to analyze your options and determine the best solution for 
your specific application... 

Historically, the task for low voltage users has been rela- 
tively straightforward; choose one supplier from many in the 
market, based on a number of criteria including price, reliability, 
functionality, and communications. However, for a drive control 
solution for larger industrial loads, the situation is not so clear- 
cut. Until quite recently, most engineers faced with a high power 
application would choose a low-voltage (LV) drive system 
working at very high levels of current. The alternative of a medi- 
um-voltage (MV) drive was not very attractive, due to perceived 
high purchase cost, physical size, requirement for custom engi- 
neering and high installation costs. Recently though, the MV 
drive has shed this costly and unwieldy image and is offering a 
real alternative to LV drives in the higher power sector; especial- 
ly where installations are judged across a wide range of criteria, 
rather than just initial drive cost. 


THE NEW MEDIUM VOLTAGE DRIVES 


There are a number of reasons for heightened levels of 
interest in MV drives: increased selection — most major manu- 
facturers now have an MV product; advances in power semicon- 
ductor switches — new devices such as SGCTs (symmetrical 
gate-commutated thyristors) improve packaging, increase relia- 
bility, and reduce overall drive cost; and standardisation — in the 
past most, MV drives were highly engineered products with 
lead times of six months or more. Today, greater levels of stan- 
dardisation are substantially reducing delivery times for most 
‘standard’ MV drives. 


DRIVE COMPARISON ANALYSIS 


The emergence of MV drives and their greater acceptance, 
generally, should not imply that the solution to every high- 
power application is an MV drive. No two applications are the 
same, and this means that, in applications where there is more 
than one possible solution, (i.e. LV or MV), then the most cost- 
effective strategy is to conduct an analysis of the benefits of the 
two potential systems. 


POWER 


In some cases comparisons are unnecessary as the deci- 
sion to go LV or MV is simply a question of the amount of power 
available in the distribution network at each voltage. If adequate 
power is available at more than one voltage rating, then the 
choice of selecting LV or MV has to be based on another factor. 


COST 


The first area to be considered is cost. Even with recent 
developments, medium-voltage AC Drives are not inexpensive; 
typically, the cost of a low-voltage AC Drive and an Output 
(Step-Up) Isolation Transformer is only 50% to 75% of the ini- 
tial cost of a medium voltage AC drive. However, as the appli- 
cation current increases, the system fault current also increases. 
This may have safety repercussions and could affect the cost of 
the drive system. However, initial price is only part of the total 
solution, and, as we shall discuss later, when the costs for 
cabling and installation are added, the equation between the two 
drive options may be balanced out. 


DRIVE TOPOLOGY 


After initial cost considerations, the question becomes one 
of technical issues, such as: what drive architecture, or topology, 
is best suited to provide continuous, efficient and reliable oper- 
ation at high power? This question is fundamental, because, at 
high power, the equipment investment is greater, as are the 
demands of the application. This means that VFD output power 
quality is an extremely important consideration for protecting 
the motor investment and ensuring its continued availability. In 
terms of LV architectures, the most common is PWM (Pulse 
Width Modulation) VSI technology. This offers good levels of 
reliability, but does suffer losses in efficiency with each on/off 
switching transition. In addition, the true levels of voltage and 
dv/dt rise produced by the pulse width modulation of voltage 
operation may cause reflected waves, motor insulation stresses 
and ground fault currents. 
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HARMONICS REDUCTION 


As more applications convert to VFD control, there is a 
greater emphasis by utilities to comply with harmonic standards 
such as IEEE 519, EN61000-2-4 and G5/4. Therefore, VFD 
manufacturers have incorporated methods to reduce harmonics 
in their VFD designs. With high-pulse number LV VFDs, and 
some MV drives, one common method of achieving harmonic 
reduction is through an isolation transformer with multiple 
phase-shifted secondary windings. These work on the principle 
of “the higher the pulse number, the greater the degree of har- 
monic reduction’. 

However, at high pulse numbers, of 24-pulse and greater, 
it is difficult to balance the electrical symmetry of the transformer 
secondary windings. In addition, some manufacturers have lim- 
itations on the distance between the VFD and transformer to 
prevent overheating problems. 


REDUCED SIZE AND WEIGHT 


The ability of Direct-to-Drive technology to save space 
also impacts two other areas where a direct comparison between 
LV and MV drives is essential: their relative size and weight. 
When analyzing these factors it is important to include all com- 
ponents that make up the drive solution: the VFD; the input 
impedance; output impedance; input disconnect device; and 
input and output filters. This is not a problem with MV systems 
as they are traditionally supplied as totally integrated and cabled 
solutions. 

Manufacturers often provide the system components sep- 
arately because of a number of advantages: the ability to distrib- 
ute components of the system throughout areas such as control 
rooms; easier movement of components through areas of 
restricted space during installation; components being lighter to 
move individually; and, finally, cooling of the drive. In general 
terms, though, a packaged LV system would definitely be small- 
er and lighter than an MV system based upon conventional 
architecture. 


CABLING COSTS 


Cable cost must be determined as part of the VFD solu- 
tion because of 1ts impact on total cost of ownership. Cable size 
and cost vary with the level of current they conduct: the higher 
the current, the larger the cable and the greater its cost. This 
means that for LV drives at high power, cable and installation 
costs are high. In addition, LV installations require expensive 
shielded EMC (Electro-Mechanical Compatibility) cable. The 
contrasting expense for MV systems 1s much less, due largely to 
the lower current their cables carry, and the fact that they do not 
need to employ EMC shielded cables. The example below shows 
that the cable cost difference between the 480V and the 4160V 
VED solutions grows disproportionately as the motor current 
increases. Moreover, the distance between the sources, the VFD 
and the motor have a big impact on cable cost, especially at high 
powers. 
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COOLING COSTS 


In addition to cabling, another cost that must be included 
when comparing VFD solutions is cooling. All equipment that 
uses or handles power generates a certain amount of heat. With 
high-power drive systems in enclosures, this heat can be a par- 
ticular problem. Consider LV drives; most are air cooled, and at 
high power, heat losses can become significant: for example: a 
3% loss at 2MW is 60kW, a figure which would well justify the 
use of air conditioning to cool the drive and its associated com- 
ponents. The alternative of liquid cooling effectively removes 
about 90% of the heat generated by the VFD losses out of a con- 
trol enclosure, but involves additional costs for pumping cabi- 
nets and heat exchangers if not already available on site. The 
decision between air conditioning or liquid cooling is usually 
application-based, and best made after assessing the availability 
of either option at the site. For example, in the water industry 
the availability of liquids and pumping equipment may offer 
distinct benefits when selecting liquid cooling solutions. 


COMMUNICATIONS 


An important consideration in the LV versus MV debate 
is communications. For users, the question is: if I choose an MV 
drive will it give me the same capability for integration into fac- 
tory-wide automation networks as LV drives? LV drives are 
more commonly associated with the communication interfaces 
that facilitate factory networks. 

Finally, there has to be the question of service and main- 
tenance. Many plant maintenance engineers are comfortable 
with LV AC drive applications, but have concerns regarding 
medium-voltage applications, which they may see as very com- 
plex solutions that are almost always installed, commissioned 
and maintained by the drive supplier. The concerns are expense 
and dependence on the manufacturer. 

How relevant these concerns are today is debatable: cer- 
tainly custom engineered products of the past were unwieldy 
and required highly specialized attention, usually above and 
beyond that available from internal plant personnel. However, 
the move to more modular MV systems is simplifying MV 
structures, making their acceptance more widespread and their 
application more understood in the same way as LV types. The 
decision to re-evaluate pre-conceived perceptions when looking 
at both solutions and taking into account the discussed points 
may result in a change in solution or may re-affirm your choice 
in the solution you currently adopt. The informed choice is now 
yours. 
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Industry-leading national accounts 
program serving large national and multi- 
national customers with complex service 
requirements. 

e Largest provider of Integrated Supply 
services to companies interested in outsourc- 
ing their procurement and materials manage- 
ment functions. 

e Extensive construction expertise to 
support large, complex construction projects 
such as industrial plant sites, stadiums, hospi- 
tals, airports, etc. 

e Leaders in establishing eProcurement 
relationships with customers and suppliers, 
with rich content and advanced connectivity. 

e On-line ordering, same-day shipment, 
and central order handling and fulfillment 
from our five strategically located distribu- 
tion centers. 

e 24-hours, seven days per week emer- 
gency service and product availability. 





SVX9000 Adjustable Frequency Drives 
Comprehensive Drive Solutions 


Cuiler Hammer XA2000 Series Adjustable Frequeney Drives tro Eatin s 





(echo Meier are (he nex! generation of dr SPENE englneered kir 
mdistrial applications. The power imit makes wee of The mposi sonetter 
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WESC) automation and coniral spectalists are certified for start" and 
commission on karon drives. Between Eaton technology and WES) suppor 
We ollier Conde s Des! indusdital drive package 


Modular design with common control components 


Broad horsepower range 


208V-6390V 


$ Learn more? Visit 
WWW.Wesco.ca/services.htm 
or call 1-866-WESCOCA (937-2622) 
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Arc Flash Safety, Device Coordination, and Transient Motor Starting Made Easy! 


EasyPower®), the most automated, user-friendly power system software on the market, 
delivers a full lineup of Windows® -based tools for designing, analyzing, and monitoring 
electrical power systems. EasyPower helps you get up to speed rapidly, finish complex 
tasks quickly, and increase your overall productivity. Consultants, plant/facility engi- 
neers, maintenance personnel, and safety managers will all realize increased job 
throughput and profitability without extensive training! Watch our 3 minute EasyPower 
video; just go to: http://www.easypower.com/video.html 


Arc Flash Safety Compliance Made Easy 
Studies, Work Permits, Boundary Calculations, and More 
EasyPower ArcFlash™ lets you: 
- Rapidly create and implement a comprehensive arc flash program 
- Comply with OSHA, NFPA, NEC, and ANSI regulations 
- Prevent expensive fines and litigation 
- Reduce risks and improve plant safety 
- Identify all critical PPE levels and clothing needs 
- Prepare efficiently for emergencies 
- Save valuable time and money 





Dynamic Stability and Transient Motor Starting 

EasyPower Dynamic Stability and Transient Motor Starting provides the most advanced 
dynamic engine for determining motor starting characteristics, system machine dynamic 
response, and system relay interaction. Efficiently-simulate-contingeney-eenditions 
including backup generator auto-transfer, load shedding, machine stability, excitation sys- 
tem response, dynamic over/under voltage, fault recovery, critical clearing time, motor re- 
acceleration, and other system events! 


SmartDesign™ | Automated Design for Low-Voltage Systems 

EasyPower SmartDesign™ completely automates equipment sizing in the design process, 
saving countless hours of manually rerunning calculations to verify code compliance. It 
also generates comprehensive reports to alert you to possible problem areas, giving valu- 
able insight. There's no need to reinvent the wheel with SmartDesign™; just set meld 
design sheets ONCE, and SmartDesign™ does all the rest fOr yous 


SmartPDC™ | Protective Device Coordination Made Easy 
EasyPower SmartPDC™ fully automates the tedious, labereintensivé- work of se setting pro- 
tective devices - just highlight an area to coordinate, and one click completes-thetask for 
you. Intelligent reporting automatically provides a list of devices and setting-eptions; with 
a detailed description explaining each setting. It's like having-the industry's brightest engi- 
About ESA, Developers of EasyPower 


neers right inside your PC. 
since 1984, ESA has redefined the way companies marco TO. E 2 electrical 


power distribution. Our innovative technologies make power system design and manage- 
ment simpler, smarter, and safer than ever. We invite you to visit www.EasyPower.com 
for a complete overview of all the powerful options available within EasyPower 8.0! 











WHY EASYPOWER? 
- Easiest to use 
- Fastest algorithms and results 
- Intuitive graphical user interface 
- Shortest learning curve 
- Most accurate, lowering liability/risk 
- Follows Windows® standards 
- Complete integration of all functions 


CLICK ONCE TO... 
- Size equipment per National Electric Code 
- View/modify integrated one-line data 
- Perform complex arc flash calculations 
- Verify duty ratings and compliance 
- Analyze switching conditions instantly 
- Study countless operating scenarios 
- Generate detailed reports 
- Access critical documentation 
- Print compliant work permits and labels 


“EasyPower 8.0 really knocked my socks off. | don't 
know of any other program that comes close to its 
speed and automation - that auto-coordinates and 
eliminates all the guesswork. 


Typically, setting devices takes up to 15 minutes - 
sometimes longer - per circuit, depending on the 
complexity. But with EasyPower SmartPDC, it literal- 
ly takes only 5 to 15 seconds. Just amazing! 


Tie this all in with new automated design features, 
the ability to conduct studies, and having a fully inte- 
grated database - and watch productivity skyrocket.” 
- Jim Phillips, PE. 
T2G Technical Training Group 


TRY BEFORE YOU BUY 
Download a Free Demo! 


ONLINE PRESENTATION 
Witness the speed and automa- 
tion of EasyPower and ask engi- 
neers specific questions during a 
live online product presentation. 

Sign up today. It's free! 





Power made easy 
intelligent | intuitive | instantaneous 
power system software 


Tap into the power of EasyPower! Download a FREE demo or sign up for a free live, online presentation: 


www.EasyPower.com | 503-655-5059 x35 




















applications, users... 
solutions 


your particular requiren 


























a brand o 


Schneider | 
Electric y 











